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ABSTRACT
Consistent with the work of Shimizu et. al. (1978), and Shimizu
and Hart (in press), it is-shown that secondary ion mass spectrometry
can be quantified when positive secondary ions with excess kinetic
energies (S>55 eV/J=55 eV) are analyzed (energy filtering technique).
For the purpose of empiridal! calibration, five synthetic glass stand-
ards with bulk compositions lying in or similar to compositions in the
diopside (CaMgSi206)-albite (NaAlSi308 )-anorthite (CaAl2Si2O8) system
have been prepared. Each standard has been doped with 19 trace
elements of geochemical importance. The trace element concentrations
range from 25 ppm of each element to 500 ppm per element by weight.
These standards are currently being quantitatively documented by a
variety of analytical techniques. In addition, data from eight natural
clinopyroxenes (cpx) and 12 coexisting diopside-liquid pairs from
equilibrium experimentsin the Di-Ab-An system have been used for
calibration of secondary-ion intensity versus concentration. The
following calibration curves are presented: Na, Mg, Al, Ca, Ti, and Sr
sputtered from cpx and glass; Ba, Rb, Cr, Zr, and Sc sputtered from
glass; Fe sputtered from cpx. Linear regression analysis has deter-
mined calibration factors, i.e., slopes of the working curves, to with-
in (±5-10%) (la), while regression coefficients are typically better
than 0.98. Although no simple theory explains the various slopes
of the calibration lines, elements are preferentially sputtered from
crystals. Therefore, glass standards cannot be used for trace
elements analysis of crystals.
The empirically calibrated ion probe has been used to measure
partition coefficients between clinopyroxene and liquid in [Di(cpx/l)]
in the diopside-albite-anorthite system for Sc, Ti, Sr and Sm at
1250*C, 1300*C and 1345*C. Experiments were unbuffered, anhydrous
and run at atmospheric pressure. Partition coefficients measured in
an 8-day synthesis experiment of Di6 5Ab2 4Anll run at 13004C have been
bracketed with analytical error by a 31-day reversal. A series of
experiments of Di6 0Ab2 0An2 0 run at 1275*C has shown that equilibrium
is attained within two to four days. Henry's Law behavior has been
demonstrated for trace element concentrations in clinopyroxene from 101
to 103 ppm. The following ranges for [Di(cpx/1)] have been measured:
DSc, 0.345 to 2.61; DSm, 0.054 to 0.328; DSr, 0.075 to 0.136; DTi, 0.084
to 0.214.
All partition coefficients can be correlated with the Si0 2 Wt. %
concentration in the liquid. At constant temperature, DSm, DSc and
DSr increase with higher SiO 2 , while DTi varies inversely with Si02-
DSc, DSm and DTi decrease with increasing temperature while DSr
shows no obvious temperature dependence on a plot of D vs. Si0 2'
Assuming ideal composition-activity models, equilibria for jadeite
(NaAlSi206), calcium Tschermak's (CaAlAlSiO6 ) and enstatite (MgMgSi206 )
components of clinopyroxene along with trace element distributions
between clinopyroxene and liquid have been successfully modelled by
-2-
the formation of exchange reactions with the exception of a
formation reaction for Sr. On plots of ln K vs. l/T, each reaction
model yields a straight line with a regression coefficient typically
better than 0.98, and the isothermal, compositional effects on parti-
tioning are removed. The temperature dependence of the Ti and Sr
reactions is determined to with ± 10*C(2a), suggesting their potential
usefulness as geothermometers.
Thesis Supervisor: Dr. Stanley R. Hart
Title: Professor of Geology and Geochemistry
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8Preface
This thesis is written in two parts. The first section describes
the application of energy filtering to the quantitative calibration
of the ion microprobe. The second part deals with the application of
the ion probe to a study of trace element partitioning between clino-
pyroxene and liquid in the diopside-albite-anorthite system. Since
each part will be published separately, some sections of part I are
duplicated in part II.
9PART I
Energy Filtering and the Quantitative Calibration of the Ion Microprobe
ABSTRACT
Consistent with the work of Shimizu et al. (1978), and Shimizu
and Hart (in press), it is shown that secondary ion mass spectro-
metry can be quantified when positive secondary ions with excess
kinetic energies >55 eV are analyzed (energy filtering technique).
For the purpose of empirical calibration, five synthetic glass
standards with bulk compositions lying in or similar to composi-
tions in the diopside (CaMgSi 2 0 6 )-albite (NaAlSi 308)-anorthite
(CaAl2Si2O8) system have been prepared. Each standard has been
doped with 19 trace elements of geochemical importance. The trace
element concentrations range from 25 ppm of each element to 500
ppm per element by weight. These standards are currently being
quantitatively documented by a variety of analytical techniques.
In addition, data from eight natural clinopyroxenes (cpx) and 12
coexisting diopside-liquid pairs from equilibrium experiments
in the Di-Ab-An system have been used for calibration of secondary-
ion intensity versus concentration. The following calibration
curves are presented: Na, Mg, Al, Ca, Ti and Sr sputtered from
cpx and glass; Ba, Rb, Cr, Zr and Sc sputtered from glass; Fe
sputtered from cpx. Linear regression analysis has determined
calibration factors, i.e., slopes of the working curves, to with-
in ±5-10% (la), while regression coefficients are typically
better than 0.98. Although no simple theory explains the various
slopes of the calibration lines, elements are preferentially
sputtered from crystals. Therefore, glass standards can not be
used for trace element analysis of crystals.
INTRODUCTION
In recent years, there has been a growing interest in the application
of secondary ion mass spectrometry (SIMS) to problems in microanalysis.
Unfortunately, progress has been hampered by inadequate ion-solid inter-
action theories and instrumental deficiencies. Lately, some observations
have been made which indicate that an empirical approach may now be
appropriate for quantitative analysis. The purpose of this paper is to
describe these observations and document the capability of the working-
curve approach which we have adopted.
Several theories have been proposed to explain the production of
secondary ions which are formed when an energetic primary ion bombards
a solid target. Perhaps the most comprehensive theory is that of Sigmund
(1969). In his model, the impact of a primary ion generates a random
cascade of collisions between primary ion and target atoms, resulting
in the ejection of target atoms, some of which become ionized. The main
physical inputs of his model are cross-sections for atom-atom collisions
and binding energies of atoms within the target. While Sigmund's theory
is able to reproduce some of the first order features of secondary ion
emission, such as the relative predominance of low energy recoils, it
is valid only for metallic targets of uniform, mono-isotopic composition,
and is hardly satisfactory for the analysis of non-metallic, polycomponent
systems, such as silicate minerals.
Cries and Rudenauer (1975) combined Sigmund's collisional model with
the ionization model of Schroeer et al. (1973) to obtain a hybrid model
which incorporates both sputtering and ionization processes during secondary
ion production. However, this model is also restricted to dilute alloys
of simple isotopic composition. Andersen and Hinthorne (1973) developed
the local thermal equilibrium model which assumes that in the sputtering
process a plasma is formed on the surface of the target, the equili-
brium conditions within the plasma being determined by temperature and
electron density. Using internal standards, they were able to write a
program (Carisma) which solved for the plasma temperature and electron
density, thus allowing semi-quantitative analysis. In reality, these
parameters varytgreatly from analysis to analysis. Moreover, since
the model treats the ionization of each element independently, it fails
to account for element-element interactions, such as Mg-Fe interaction
in olivines which was observed by Shimizu (1978). The Andersen and
Hinthorne approach, though in principle not restricted to simple
materials, does not enable one to perform precise analyses routinely.
These theoretical shortcomings prompted investigators to explore
various empirical approaches to quantitative analysis. Morgan and Werner
(1976), by bleeding oxygen gas into the sample chamber, found that they
could stabilize the plasma temperature of the Andersen and Hinthorne
model and thereby "quantitatively" analyze chemical composition of steel
targets with accuracy within a factor of two.
Gangei and Morrison C1978) developed "relative sensitivity factors"
which enabled them to obtain concentrations to within approximately 15%
when sample and standard contained the same major element (excluding
oxygen). They studied silicate, phosphate, borate and germanate glasses.
Unfortunately, the analysis of some elements was precluded due to the
effect of overlapping molecular ion interferences.
Meyer (19791 analyzed various geochemical samples for both major and
trace elements. He paid close attention to instrumental conditions in
an attempt to improve the reproducibility of analyses. He suggested that
glass standards might be suitable for the calibration of secondary ions
sputtered from crystals. His data were also complicated by molecular
ion mass interferences;
Lovering (1975) wrote a comprehensive review article describing
some of the more important geochemical and cosmochemical applications of
ion-probe microanalysis. He analyzed a variety of geological samples on
an ARL-IMMA SIMS employing the Andersen and Hinthorne model coupled
with peak stripping techniques used to remove molecular ion signals
from the mass spectrum. As noted by Shimizu et al. (1978), it is not
always possible to determine a priori which ions are interfering nor are
there always enough uncontaminated peaks to permit peak stripping tech-
niques.
In short, theoretical approaches to quantitative SIMS have suffered
from models derived for overly simplified targets and uncertainty in the
input data required for the theory. Previous empirical approaches
have been subject to semiquantitative data reduction programs, complex
molecular ion interferences, and poor instrumental reproducibility.
Shimizu et al. (19781 presented both trace and major element con-
centration data and isotopic analyses fram a wide variety of geological
material. Their paper discussed a technique, called energy filtering,
for the suppression of molecular ions. During sputtering, molecular
ions such as dimers, oxides, hydrides, hydroxides, etc. are produced
in addition to single atom ions of varying energies. Shimizu et al.
noticed that for silicate matrices molecular ions, in general, possessed
less kinetic energy than metal ions. Therefore, they analyzed only singly-
charged, positive secondary ions with initial kinetic energies >100 eV.
Based on the measurement of stable isotope ratios, they were able to
demonstrate the absence of molecular ions. Furthermore, they obtained
high quality working curves for a number of trace and major elements
sputtered from clinopyroxene, plagioclase, garnet and hornblende crystals.
Shimizu and Hart (in press) studied isotopic mass discrimination in
the secondary ion production processes. They observed that the mass dis-
crimination was dependent on the secondary ion kinetic energy, the higher
the energy, the smaller the mass discrimination. Their data on Cr isotopes
showed that the mass discrimination of approximately 1.5% per mass unit
observed at 0±5 eV range decreased almost linearly with energy and at
40±5 eV the measured isotope ratios were within analytical error of the
values obtained by the absolute isotope analysis (Shields et al., 1966).
Their observation also indicated that the high energy ions seemed to be
spatially associated with the deepest part; of the sputtered crater (see
Figure 1).
These two studies strongly suggest that the interpretation of SIMS
spectra could be greatly simplified when only high energy ions are analyzed.
Therefore, a study was undertaken to pursue this approach further and to
investigate the feasibility of using the working curve approach to high-
precision (±10%) concentration analysis of geochemically important trace
elements sputtered from crystalline and glassy silicate matrices. The
initial objectives were to determine the compositional and structural
matrix effects on secondary ion production, to isolate the most important
instrumental conditions governing reproducibility of measurements and to
apply these techniques to a study of trace element partitioning between
diopside and silicate liquid for scandium, titanium, strontium and sama-
rium. Partitioning behavior was studied as a function of thermal and com-
positional variables. Since the purpose of this article is to describe
the analytical techniques, the results of the experimentalwork will be
presented elsewhere (Ray, in press).
PREPARATION OF GLASS STANDARDS
Five glass standards (four grams each) were prepared. Bulk compo-
sitions were varied so that matrix effects could be studied, while trace
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Figure 1. Effect of energy filtering on fractionation of Cr isotopes
Ratios measured at -40 and -50 V are within error of the accepted value
( + ). Field aperture position lV is directly over deepest part of
sputtered crater (from Shimizu and Hart, in press).
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element contents were varied so that calibration curves could be obtained.
The standards were named on the basis of the nominal concentration of each
trace element (ppm by weight of the element) in the standard. The con-
centrations vary as follows: 25 ppm, 150 ppm, 200 ppm, 300 ppm, and
500 ppm. For example, the 200 ppm standard contains 19 trace elements
each with a nominal concentration of 200 ppm by weight. The 25, 300 and
500 standards have a bulk composition of Di 50Ab 25An2 5, while the 200
standard is Di 27Ab 63Anl0 The 150 ppm standard has the same relative
Na 20, Al2 0 Sio2, and MgO contents as the Di 50Ab 25An25 standards, but
with deficient CaO. This particular composition was selected to test
whether Ca, the heaviest major element, exerted a significant control on
the trace element working curves.
High purity compounds were used for all standards, both major and
trace elements, in order to control as closely as possible the trace
element composition of each standard. For the major elements oxides of
Si, Mg and Al were used. For Ca and Na, which form hygroscopic oxides,
carbonates were employed. The major element compounds were dried for per-
iods of at least 2-3 days at 400*-450*C, then cooled and stored in a des-
sicator. No significant weight gain was observed during the weighing of
any major or trace element compound with the exception of Cs 2CO3'
For trace elements, the following compounds were used: RbNO3 , Cs2CO3 '
SrCO3 , BaCO 3, Sc203, TO2' 53 Cr2031 La203, Ce203, Nd203 , Sm203, Eu203'
Gd203, Yb203, Nb205, Hf0 2 , ZrO 2 , U308 , and 60Ni. These compounds 
were
dried for four to six days at 150*C. It is widely known that many in-
organic compounds may contain significant amounts of absorbed volatiles
depending on the specific compound and the method by which it was prepared
(Duval, 1963). This problem is especially serious for the light rare
earth elements (LREE) which absorb large quantities (approx. 10%) of CO2
and which retain some CO2 up to 800-1000*C. Given the large number of
compounds used and that REE determinations will eventually be done by
isotope dilution, no rigorous attempt was made to totally degas each
compound. However, it will be shown thatthis has not seriously affected
the gravimetric concentration for a number of trace elements.
Standards were prepared in the following manner. First, trace
element compounds were carefully weighed in a Perkin-Elmer model #AD-2
microbalance. The amounts weighed were as small as 100 pg, whereas the
microbalance is capable of weighing in the 1 pg. range. Since the balance
was re-zeroed and the calibration was routinely rechecked, surprisingly
accurate weights were obtained for the trace elements even though small
amounts were used. Thus, the gravimetric concentrations are probably
accurate to within ±10% except for those elements which were added in a
volatile-containing compound, such as the REE discussed above, or elements
which one would expect to be mobile during the high-temperature processing
of the standards. The volatile alkalies (db, Cs, for example) and ele-
ments soluble in the platinum crucible, such as Ni, would be the likely
exceptions.
The major element compounds were weighed in a Mettler model H-16
balance, then added directly to the mortar containing the trace elements,
and the entire mixture was ground in a pre-cleaned agate mortar and pestle
for two hours under ethanol. The mix was dried at 90*C to remove the
ethanol, then transferred to a Pt-Au crucible and dried overnight at 1000*C
in order to degas the carbonates and nitrates, in addition to any absorbed
volatiles. After cooling in a dessicator, the mix was put into a Pt
wound furnace controlled by a variac and fused for four hours, 30*C above
the liquidus. After fusion, the glass was quenched by lowering the crucible
into water. Then the glass was pulverized and ground under ethanol for one
hour and fused again. In all, each standard was ground and fused four times
to insure homogeneity.
DOCUMENTATION OF STANDARDS
The major elements were analyzed by the M.I.T. MAC electron micro-
probe controlled by a PDP 11 computer. The electron beam was accelerated
to 15 KV with a filament emission current of 70 yA. Analyses were standard-
ized relative to DiJd 35 while the corrections of Bence and Albee (1968) were
used. Counts were collected for 20 seconds or 60,000 counts. Table 1
lists the major element composition of the standards and the Di-Ab-An ex-
periments.
Although the complete documentation of all trace elements in the standards
was beyond the scope of this investigation, several elements were analyzed
as accurately as possible to assess the overall suitability of the glasses
as standards for wide usage by the scientific community. Especially critical
factors were the homogeneity and agreement between gravimetric and measured
concentrations. Thus far, Rb, Cs, Sr, Ba and Ni have been analyzed by iso-
tope dilution for most of the standards. Ti has been analyzed by XRF.
Furthermore, analysis for the REE, Hf and Zr by isotope dilution and Ni,
Cr, and V by XRF are planned for the future.
The alkalis and alkaline earths, K, Rb, Cs, Sr, and Ba are readily
analyzed with excellent precision at low concentrations by isotope dilution
(see Hart and Brooks, 1976). From each standard, two to three aliquants
were weighed, spiked with a multi-element spiking solution and then dis-
solved in a teflon beaker with aHF and HC10 acid mix and re-dried with
6N HCl. Next, the sample and spike were pipetted onto cation exchange
columns and eluted with 2.5N HCl. The samples were collected as an alkali
fraction (K, Rb, Cs), Sr fraction and finally Ba was eluted with 6.2N HCl.
After elution, H2 SO4 was added to the alkali fraction, which was then
dried on a hot plate in a laminar flow, clean air box. Similarly, Sr and
Ba were dried three times with perchloric and then three times with nitric
acid. All of these procedures were done in the isotope geochemistry clean
Table 1. Major Element Composition Data.
Equilibrium Experiments
B
Di 48Ab 40An12
C
Di 52Ab 26An22
D
Di 56Ab 5An29
E
Di 64Ab36
F
Di 65Ab 24An
70.86
13.86
7.92
4.97
4.38
101.99
CATIONS/6 OXYGENS
Si 2.281
Al 0.525
Ca 0.272
Mg 0.238
Na 0.272
3.588
PYROXENE
OXIDE
Si0 2
A1203
CaO
MgO
Na20
CATIONS/
Si
Al
Ca
Mg
Na
56.58
0.73
23.91
19.11
0.44
100.79
6 OXYGENS
2.007
0.03
0.909
1.011
0.03
3.986
w 9
LIQUID
A
Di 48Ab52
OXIDE
Si0 2
A1203
CaO
MgO
Na20
63.69
15.54
11.41
5.36
4.22
100.22
2.125
0.616
0.418
0.267
0.273
3.699
54.89
1.39
24.12
18.42
0.41
99.27
1.983
0.058
0.933
0.992
0.028
3.995
58.39
15.83
15.47
6.83
3.70
100.23
2.000
0.638
0.567
0.349
0.245
3.799
55.94
1.76
24.13
18.53
0.31
100.66
1.988
0.073
0.919
0.981
0.021
3.982
55.92
16.23
18.03
7.08
2.38
99.63
1.942
0.663
0.670
0.366
0.160
3.801
54.73
2.10
24.71
18.39
0.16
100.14
1.962
0.088
0.949
0.983
0.010
3.994
62.19
7.99
14.96
10.27
4.70
100.11
2.138
0.324
0.551
0.525
0.313
3.851
56.61
0.61
23.83
19.54
0.38
100.86
2.005
0.025
0.906
1.003
0.025
3.994
58.66
9.40
17.81
10.75
3.06
99.68
2.045
0.385
0.665
0.559
0.207
3.860
55.81
0.54
24.20
19.73
0.19
100.47
1.992
0.022
0.924
1.049
0.012
4.000
Table 1. Major Element Composition Data (continued).
Equilibrium Experiments
G
Di' Ab An68 11 21
H
Di70 30 84 Ab16
8
Di 84Ab 10An6
K
Di 84A 5 An11
OXIDE
SiO 2A120 3CaO
MgO
Na2 0
55.11
11.16
21.01
11.12
1.55
99.94
CATIONS/6 OXYGENS
Si 1.939
Al 0.462
Ca 0.792
Mg 0.582
Na 0.105
3.880
PYROXENE
OXIDE
Si02
A1203
CaO
MgO
Na20
E
CATIONS/6
Si
Al
Ca
Mg
Na
55.27
0.93
24.80
19.67
0.16
100.83
OXYGENS
1.969
0.039
0.946
1.045
0.010
4.009
LIQUID
L
Di84 An15
51.99
11.98
23.58
11.55
0.03
99.13
1.860
0.505
0.903
0.615
0.001
3.884
54.60
1.46
24.81
19.16
0.0
100.03
1.962
0.061
0.955
1.025
0.0
4.003
58.94
3.84
20.36
14.04
2.36
99.54
2.083
0.160
0.771
0.740
0.161
3.914
55.80
0.27
24.18
20.20
0.11
100.57
1.990
0.010
0.924
1.074
0.007
4.005
57.72
4.82
21.96
14.20
1.34
100.05
2.036
0.200
0.830
0.746
0.091
3.903
55.93
0.57
24.23
19.57
0.14
100.44
1.995
0.024
0.925
1.041
0.009
3.994
55.39
6.16
23.75
14.05
0.77
100.12
1.968
0.257
0.904
0.743
0.052
3.924
56.12
0.43
24.52
19.85
0.13
101.06
1.992
0.018
0.932
1.050
0.008
4.000
54.93
6.55
24.65
14.60
0.0
100.73
1.942
0.272
0.934
0.769
0.0
3.917
55.59
0.81
24.55
19.66
0.0
100.61
1.983
0.033
0.938
1.045
0.0
3.999
Table 1. Major Element Composition Data (continued).
Di - Ab - An Standards
LIQUID
OXIDE
SiO2A1203
CaO
MgO
Na20
CATIONS/6 OXYG
Si
Al
Ca
Mg
Na
25
PPM
56.21
13.79
18.13
8.79
2.95
99.87
ENS
1.958
0.566
0.677
0.456
0.199
150
PPM
60.51
14.73
11.98
9.54
3.15
99.92
2.049
0.587
0.434
0.480
0.207
200
PPM
63.70
15.54
9.15
4.71
6.60
99.70
2.148
0.616
0.330
0.236
0.431
3.855 3.757 3.757
300
PPM
56.63
13.71
18.10
8.76
2.92
100.12
1.967
0.561
0.673
0.453
0.195
3.849
500
PPM
54.88
13.70
18.03
8,90
2.87
98.38
1.945
0.569
0.688
0.465
0.194
3.862
lab at M.I.T. using vycor distilled water and acids. Potassium was measured
to determine the overall blank contribution from the standard components,
high-temperature processing and isotopic dilution analysis. The low con-
centration of potassium (33-184 ppm) idicates that it was possible to main-
tain compositional control of the standards during their manufacture.
The alkalis and alkaline earths were run at M.I.T. on single tantalum
filaments in a nine inch mass spectometer (NINA-B). Data were taken with
currents of 3x10~11 to 3x10-13 amps depending on the element. Additional
details of the isotope dilution and mass spectrometry procedures can be
found in Hart and Brooks, 1976. These elements are all determined to
accuracies of better than 1-2%.
Nickel was measured by isotopic dilution for the 25, 150 and 500
standards. These analyses were done by M.K. Roden of the Department of
Earth and Planetary Sciences, M.I.T., using a spike of enriched 62Ni. Since
Ni ionizes poorly, a silica gel-phosphoric acid activation was used, and
ion currents were generally less than 3x10-13 amps; only one analysis was
done per standard. Nonetheless, it is believed the Ni concentrations were
measured to accuracies of 3-5%.
Titanium was analyzed by XRF at the Department of Geology, University
of Massachusetts, Amherst. Analysts were M. Rhodes and J. Sparks. Amersil
glasses were used as blanks and backgrounds were counted on both sides of
the Ka titanium peak. In-house standards were used, including Quebec
anorthite and Allende meteorite, both as fused glasses. The titanium data
should be considered preliminary until further analyses using additional
XRF standards are completed. However, the excellent agreement between the
values obtained by XRF and the concentrations predicted from microbalance
gravimetry are very encouraging and suggest no large systematic errors are
present (Table 2). Overall, the titanium data are probably accurate to
better than ±5-10%.
GENERAL ASSESSMENT OF STANDARDS
The trace element data are presented in Table 2, as a comparison
between gravimetric and analyzed values. The most striking feature is
the excellent agreement, within 5-10%, for Ba, Sr, Ti and Ni, as contrasted
with poor correlation for Rb and Cs. More importantly, analyses by iso-
tope dilution indicate no significant heterogeneity for any element which
has been analyzed three times. Thus, even for Rb, which was presumably
volatilized during fusion, the glasses remain suitable for use as standards.
The agreement for Ba, Sr, Ti and Ni is surprising. Ba and Sr were
added as carbonates, which are generally thought to be susceptible to vola-
tile absorption. Ni, added as a metal, is notorious for its high solubility
in Pt alloys (Hart and Davis, 1978). However, the limited number of Ni
analyses indicate the gravimetric concentrations are close to the actual
Ni contents. TiO2 is a compound one would expect to behave simply and the
XRF data, although preliminary, confirm this expectation.
These measurements strongly indicate the suitabilitly of using the
glasses as trace element standards for the ion probe. Moreover, the
agreement of gravimetric and isotope dilution or XRF data for Ba, Sr,
Ti and Ni suggest that the gravimetric concentrations are probably
accurate to ±5-10% (for those compounds which are non-volatile or not
prone to incorporating large amounts of volatiles). As mentioned above,
this assumption is probably not good for the REE, and those elements which
are volatile during the homogenization process, e.g. the alkalies. Since
the amounts weighed into the 25 ppm standard were quite small ("'100 pg.),
to be safe, one should not assume 5-10% gravimetry for the 25 ppm standard.
Therefore, even though the standards are far from being certified for
every one of the added trace elements using the gravimetric data alone,
one should be able to obtain relatively precise calibrations for many trace
elements using the 150-500 ppm standards. This will be attempted below.
Table 2. Comparison of Measured and Gravimetric Trace Element Concentrations (in PPM) for Di-Ab-An Glass Standards
Element
Ti
Ni
Sr
Meas.
26
27.2
38
37.4
25 PPM
Ba 27.9
27.3
Rb 21.1
21.2
Cs 12.9
13.2
K 33.4
Grav.
24.4
27.3
25
-Dev. (M *
6.5
-0.5
51
25 -10.5
23 -8
27 -52
0.0 -
Meas.
162
179
185
178
182
187
178
186
144
146
143
144
141
66.2
53.0
150 PPM
Grav.
155
170
167
Dev. (%)*
6.5
5.5
9
172 7
161 -10.5
0.0 -
200 PPM
Meas. Grav, Dev.(")*
204 191 6,5
- 211 -
215 204 5
195 2.5
192 -18
300 PPM 500 PPM
Meas. Grav. Dev. ()* Meas. Grav. Dev.(%)
302 296 2 491 484 1.5
- 303 - 504 516 -2.5
313 299 4.5 506 491 3
311 506
309 1
289 -69
49.4
93.5
64.5
500
506
320
316
324
154
156
184
492 2
484 -34
0.0 -
*Deviation - (Meas. - Grav.) x 100
Grav.
PRINCIPLES OF ION PROBE ANALYSIS
The Di-Ab-An standards were used to systematically study SIMS with
the ultimate objective of obtaining a straightforward technique for quanti-
tative analysis using energy filtering. Any valid, empirical, quantitative
technique must meet three criteria: (1) it must demonstrate that the mass
spectra used are free of molecular ion interferences; (2) measurements
must be reproducible through time and (3) calibration lines should be
well defined and intercept the origin. In general, for those trace ele-
ments for which concentrations are adequately known, it will be shown
that the above criteria can be met.
A schematic diagram of the Cameca ims 3f ion microanalyzer operated
by the M.I.T.-Brown-Harvard Regional Ion Microprobe Consortium is shown
in Figure 2. Primary ions are formed in the duoplasmatron (a). Although
a number of gases can be used as a source of primary ions (e.g., nitrogen
oxygen, argon), in this study all samples were bombarded by 0 ions.
Early workers who used Ar+ had difficulty maintaining a stable secondary
ion emission. 0 ions, on the other hand, provide an extremely stable
emission of target ions presumably due to the enhancement of sample
ionization by the oxygen (Andersen, 1968 and 1969). The ions are extracted
from the duoplasmatron, focused and accelerated to the sample surface (b).
In this study, the primary beam of 0 ions with 2-100 nA currents and a
net energy of 13.2 KV was focused to a spot ranging in diameter from 5-100 pm.
The 0 ions bombard the sample, producing sputtered atoms and molecules,
a small fiaction of which become ionized.. These secondary ions, only
positively charged ions in this case, are accelerated to approximately
4.5 KV and focused through an immersion lens Cc) and one of several transfer
lenses depending on the size of the area to be imaged (d). In this study, a
25 -pm area was imaged. Since the Cameca instrument is a double-focusing
mass spectrometer, the secondary ions travel through an electrostatic sector
.- -.- ~.-.
Figure 2. Schematic diagram of the Cameca ion probe. The following
parts are labeled: (a) duoplasmatron, (b) sample, (c) immersion lens,
(d) transfer lenses, (e) electrostatic sector, (f) energy slit,
(gj magnetic sector, (h) fluorescent screen, (i) faraday cup, (j) elec-
tron multiplier.
(e) before being analyzed by the magnetic sector (g). From there, the ions
either impinge on a flourescent screen for imaging purposes (h) or travel
into the detector. Detection is by either a Faraday Cup (i) for strong
signals or a 17-dynode, Allen-type electron multiplier (j) for weak ion
currents. The latter was used exclusively in this study. A pulse of
approximately 5 nsec long and 2.5 mV high was produced for each incoming
ion by a pre-amplifier. The dead time of the electron multiplier was
measured as 50 nsec.
ENERGY DISTRIBUTIONS OF SECONDARY IONS
A first order observation of SIMS is the overwhelming predominance
of low energy recoils. These are ions which possess little initial
kinetic energy above that acquired by electrostatic acceleration within
the source. Figure 3 is a plot of the energy distribution of positive
secondary ions for several major and trace element atomic masses. The
vertical axis, logarythmic scale, is count rate. The horizontal axis is
the voltage decrease in the electrostatic field which accelerates ions
into the mass spectrometer. Zero offset equals an acceleration of 4.5 KV
and implies that lowest energy ions are being analyzed. In order to analyze
higher energy ions, one simply decreases the secondary accelerating voltage
(SAV). Thus at a voltage offset of -125 V, those secondary ions with
125 eV of "excess" kinetic energy (greater than the lowest energy ions) are
analyzed. An alternative way is, of course, to move the energy slit (Fig. 2, f)
to select the range of secondary ion energy. Our observation shows that the
measured energy distribution is identical with the two methods and we
adopted reducing the high voltage because of its easy and precise execution
via computer. A bandpass of 50 eV was used during calibration analyses but
an energy window of ±5 eV was used to generate Figure 3 in order to show
detail.
The predominance of low energy recoils is clearly evident, as intensities
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Figure 3. Energy distribution of positive secondary ions sputtered from the
500 ppm Di-Ab-An glass standard. Energy curves are for the following atomic
masses: Na2 3 , Mg2 4, Al27 , Si28 , Ca4 0 , Sc4 5 . Vertical axis in counts/sec.,
logarythmic scale. Voltage offset is decrease in electrostatic acceleration
of ions into the mass spectrometer. A bandpass of -80 ± 25V was used during
analyses. Note simple behavior of curves at offsets more negative than 50V.
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drop by two to three orders of magnitude from 0 to -125 V offsets. A
second observation is also apparent at low energies (0-50V) as the slopes
of the energy curves are steep and change quickly as a function of offset.
Some actually cross each other. However, at energies greater than 50 eV, all
curves flatten and become approximately parallel. The complex behavior
of the low-energy portion of the energy distribution curves is primarily
due to molecular ions. Since on a log plot parallel lines imply a constant
ratio, this parallelism of energy curves suggested that for a given bandpass,
reproducible ratios of ions would most likely be possible at higher energies,
i.e., >50 eV. This was also suggested by replicate measurements of energy
curves. Since the production of low-energy ions is sensitively dependent
on local surface effects, the various positions of the low energy segments
changed noticeably through time, but the high energy tails always exhibited
the simple parallelism observed in Figure 3. This forms the basis for measure-
ment reproducibility described below.
REMOVAL OF MOLECULAR ION INTERFERENCES
As mentioned earlier, one of the major impediments to quantitative SIMS
analysis of most geologic materials is the large abundance of molecular ions.
Peak stripping techniques have not adequately solved this problem. Basically,
there are two methods for removing molecular ion interferences: high-mass
resolution and energy filtering.
Mass resolution, R, is defined as follows: R=(M/AM) = (S/AS) X {(MJ+M2)/
2(M2-Ml)), where S is the distance between two peaks of masses Ml and M2 and
AS is the width of a peak at 10% of its intensity. The Cameca probe has a
stated resolution of 10,000. This is sufficient to resolve oxides, hydrides,
hydroxides and dimer molecules over most of the mass range of interest here.
However, as noted by Shimizu et al. (1978), it is not always possible to identify
a priori the resolved peaks. Thus high mass resolution, although in principle
capable of filtering some of the molecular ions, was not investigated further.
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The effect of molecular ions on the 86Sr/ 88Sr ratio is shown in Figure 4,
which is a plot of the measured Sr isotope ratio as a function of energy offset
as measured on the 500 ppm standard. At zero offset, this ratio is approximately
twice the natural abundance ratio of 0.1194. As the filtering is increased,
the ratio rapidly drops to within analytical uncertainty of the accepted
value. Surprisingly, only a -30 V offset was required to remove interferences
from both the 86 and 88 mass peaks. The isotopic ratios of titanium, samarium
and zirconium were also measured and all were found to be free of detectable
interferences at offsets larger (more negative) than 50 V. These data are
consistent with the findings of Shimizu et al. (1978). Although it reduces
intensities by 1-2 orders of magnitude relative to zero offset, energy
filtering seems to be generally capable of removing molecular ions which
are characterized by predominantly low, initial, kinetic energy.
REPRODUCIBILITY OF MEASUREMENTS
An additional problem in past studies has been the lack of measurement
reproducibility. The major reason is probably due to the complexities in
the low energy spectrum. As noted by Sigmund (1969), the low energy ions
are sensitively dependent on local conditions, such as surface binding
forces. Shimizu and Hart (in press) found a spatial variation in Cr iso-
tope ratios at zero offset which implied that high energy ions were primarily
emitted from the deepest part of the sputtered crater. Therefore, pre-
ferential extraction of secondary ions from a part of a given crater could
produce different intensity ratios. The general form of the energy curves
suggest measurement problems at low energies.
88 28
Figure 5 is a plot of the measured Sr/ Si ratio as measured on the
500 ppm standard over a nine month time span. These measurements were taken
at -80 Vand -100 V offsets with a 50 eV bandpass. Thus, positive ions with
energies between 55-105 eV and 75-125 eV were analyzed. The 88Sr/ 28Si ratio
is seen to vary less than ±2% from the average value of 10.3 x 10~4 over the
IS Sr
ISr86 /ISr88 as a function of energy filtering. At voltage offsets
more negative than -25V, molecular ions are eliminated.
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Reproducibility of ISr 88/ISi 28through time. This 'ratio has
been consistently measured to within ±4%.
period, even though primary beam currents were varied over an order of
magnitude (2-100 nA). In general, reproducibility has been satisfactory
when ion energies >55 eV have been analyzed. Significantly, early attempts
to reproduce measurements for the 88Sr/ 28Si ratio at offsets of -30 to -40 V
were not successful even though Figure 4 indicates that no molecular ions
are present on the strontium mass position at -30 to -40 V offsets. In
Figure 3 one can see that the energy curves do not become log-linear until
an offset of -approximately 50 V is exceeded. Therefore, one may have to go
beyond an energy range which simply excludes molecular interferences in order
to obtain reproducible intensity ratios.
The techniques for ion probe analysis described above are consistent with
the work of Shimizu et al. (1978) and suggest that energy filtering may enjoy
a wide applicability to problems in quantitative SIMS analysis of complex
matrices. The major extension of this work is the somewhat lower limit of
energy filtering used, namely >55 eV, whereas Shimizu et.al.analyzed ions with
energies >100 eV. By decreasing the energy offset, additional intensity is
recovered which significantly improves analytical detection and precision.
CALIBRATION
Based on the preceding observations, the following analytical conditions
were used for calibration purposes. Only positively charged,secondary ions
with initial kinetic energies from 55-105 eV were analyzed. This corresponds
to an -80 V offset with a ±25 eV bandpass. Since absolute intensities were
sensitive to focusing and other instrumental conditions, all intensities were
measured relative to the intensity of 28Si ions and this ratio was normalized
to a constant SiO2 wt.'% concentration (55 wt. % Si0 2). Thus, this technique
does require an internal standard. First, standards were analyzed for major
elements with the electron probe, then trace and minor elements were analyzed
by ion probe. Since this empirical technique does require an internal standard,
it is envisioned that the coupling of electron probe data with ion probe data
will permit the most precise analyses of trace elements by the ion probe.
Secondary ion intensities were measured using software written by K. Burrhus
of M.I.T. The :program automatically searches for ion peaks, calculates their
mass position and then changes the magnetic field stepwise from lowest mass to
highest mass while collecting counts at each peak position for the desired
time. Count times ranged from 1 s for all major elements to 100 s for some
trace elements. Background, which was counted 0.5 amu below the lightest mass
analyzed, rarely exceeded 10% of the signal and was subtracted by the program.
All intensities were automatically corrected for background, dead time
(negligible in most cases) and peaks were doubly interpolated to correct for
instrumental drift. This program collects data for 7 scans of the mass spect-
rum and then calculates six sets of relative ion intensity ratios. To improve
precision, one can repeat the analysis as many times as needed. For calibration,
ion intensity, corrected for isotopic abundance, was ratioed with respect
to the ion intensity of 28Si and plotted against the elemental weight concen-
tration in the material.
The lines on the calibration plots were regressed using a simple linear
regression program which regressed y on x regardless of analytical errors
and did not calculate the uncertainty in the regression parameters. To deter-
mine the uncertainty in the slope and intercept of the working curves, all
data were regressed a second time using the method of York (1966). The York-
based regression parameters are shown in Table 3.
Calibration curves of the major elements Na, Al, Mg and Ca sputtered
from silicate glasses are presented in Figures 6-9. The data are based on
electron probe analyses of the trace element standards and the liquid phase
composition of equilibrium experimental runs in the diopside (CaMgSi206) ~
albite (NaAlSi306) - anorthite (CaAl2Si208) system. The equilibrium runs
were done at 1250*C, 1300*C and 1345*C and span the compositional range of
the diopside primary phase field. As mentioned earlier, the experimental re-
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Calibration of Na sputtered from glass.Figure 6.
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Table 3. Regression Parameters
GLASS
for Calibration Curves.
CPX
Slop'e
0.980
0.989
0.990
0.977
0.0564
0.107*
0.100
0.0818
0.0203
0.0336
0.0881
0.0842
0.0746
5.4
3.4
2.9
4.3
R
2
*Natural cpxs only.
ELEMENT Slope Intercept Intercept
-0.0054
-0.0034
0.0179
-0.0120
1.69
0,897
-0.0266
-0.235
0.519
-0.335
-0.0154
0.0608
0.0386
0.0226
0.0116
0.0162
0.0229
0.0074
(10)
0.0045
0.0145
0.0124
0.0326
0.314
0.174
0.0594
0.242
0.467
0.265
0.0131
3.8
4.2
3.1
7.8
12.4
4.8
2.7
0.998
0.995
0.996
0.996
0.995
0.999
0.990
(la)
4.6
3.7
9.0
2.9
1.5
4.0
4.9
0.0607
0.0309
-0.0045
-0.046*
0.007
-0.0052
0.0021
-3.56
-0.265
0.0007
0.038
0.094
0.0017
0.0010
1.46
0.220
0,990
0.994
0.947
0.998
0.973
1.0
0.998
0.999
E EMENT SlODe (10) InterceDt Slot)e
sults are being reported in a separate paper. However, the calibration
results are included here along with the trace element data. Clearly, the
data define straight lines in each case, with regression coefficients ranging
from 0.98-0.99. Although the overall fit is excellent, there remains some
scatter. Much of this is propagated from the measurement errors of the electron
probe analysis, especially for Na which volatilizes in the electron beam.
Considering the electron probe errors, the lines are well defined. The inter-
cepts are negative for Ca, Na, and Mg while positive for Al. Considering the
errors involved (see Table 3), it may be concluded that the intercepts are
not significantly off the origin for the major elements. Significantly positive
intercepts would imply the presence of interfering molecular ions. Most
importantly, the calibrations seem to hold over extended concentration ranges
and are seemingly independent of any glass matrix effect as long as the major
element to silicon ratio is normalized to a constant SiO2 wt. %. From the
Na calibration, the ion probe appears to have excellent potential for the ana-
lysis of light elements which are difficult to measure by electron probe.
The calibration curves of major elements sputtered from clinopyroxene (cpx)
are shown in Figures 10-14. Both natural and experimental pyroxenes have been
analyzed. The natural pyroxenes have been well characterized for major and
certain trace elements. They span a considerable compositional range (Table 4).
The experimental pyroxenes are, onthe other hand, diopside-rich (mole fraction
of Di a 0.92) and crystallized in equilibrium with the liquids described above.
The experimental pyroxenes have a narrow compositional range and are iron free.
For Ca, Na and Al, both sets of clinopyroxenes define straight lines with
an essentially zero intercept. However, the average experimental cpx analysis
for Mg seems to lie below the calibration line defined by the natural cpxs
(the experimental Mg data lie n,20% below the natural cpx line). At present
this discrepancy is poorly understood but it may be related to major element
interaction effects of the type described by Shimizu et al., who observed that
Table 4. Major and Trace Element Composition of Natural Clinopyroxene Standards.
KAUG PHN 1569 PHN 1611 2303 SH13-C16 SD2-C24 ROB-2
50.73 54.80 54.80
0.03
2.12
1.60
1.57
0.08
0.34-
2.60
0.45
5.22
0.14
17.20 21.00
54.55 54.67
0.05
2.56
2.81
2.15
0.06
0.33
2.04
0.22
5.26
N.A.
16.29 18.84
55.17 55.29
0.25
2.14
0.54
4,57
N.A.
0,14
6.85
0.15
7.58
N.A.
18.93 12.24
21.50 13.30 19.21 17.64 17.15
1.38 1.47 2.63 1.27 1.52
12.31
49.57
0.82
8.74
0.06
6.24
0.15
15.66
17.90
100.38 100.28 99.32 100.31 100.27 100.27 99.61 100.16
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Figure 10. Calibration of Na sputtered from cpx.
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varying Fe contents affected the ionization of Ca. To assess the significance
of this problem, two lines were regressed through the data for Mg (see Table 3).
One line included the experimental average, while the second line was re-
gressed using only natural clinopyroxenes. The line regressed through natural
cpxs is superior in intercept and in slope precision. However, for both
lines, the slopes are within analytical uncertainty of each other. For
example, the natural cpx Mg line has aslope of .107 ± .004 compared with a
slope of .100 ± o.009 for the line including the average experimental cpx.
Despite the compositional differences between the natural and experimental
pyroxenes, a single calibration line seems to fit both.
Calibration curves for the trace elements Ba, Sr, Cr, Rb, Sc, Ti, and
Zr sputtered from the Di-Ab-An glass standards are presented in Figures 15-21.
The best calibrations should be for those elements which have been well-docu-
mented in the standards, namely Rb, Sr, Ba, and Ti. In each instance, the
regressed lines intercept the origin within error, with correlation coefficients
of .995-.996. The slope of each line has been determined to within 5-10%
(la). This serves as the limiting analytical precision obtainable from
this working curve approach for the number of standards available.
Calibration was also. attempted for several trace elements for which the
standards are not well documented. In these cases, the gravimetric concen-
trations (Table 5) are assumed to be accurate within ±10% for the 150-500 ppm
standards. Calibrations of Cr, Zr and Sc were very successful (Figure 19-21).
Once again, intercepts are not significantly non-zero while regression coef-
ficients range from .995 for Cr to .999 for Zr. Slopes are determined to
within 5-15% (la). These calibrations imply the gravimetry was surprisingly
accurate and was not complicated by the processing of the standard. In other
words, as long as the gravimetry is known to within 10% one can still obtain
a fairly precise calibration factor (slope of the regression line). This
observation implies calibration of synthetic standards may be rather simple as
Table 5. Gravimetric Concentrations of Selected Trace Elements
in the Di-Ab-An Glass Standards (ppm by weight).
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Figure 15. Calibration of Rb sputtered from glass.
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Calibration of Ti sputtered from cpx.Figure 22.
long as the gravimetry is tightly controlled.
Of all the calibrations which have been attempted, only Ni sputtered
from glass has been unsatisfactory. The major problem has been a significant
positive intercept of the working curve. This could be due either to the
60.
presence of molecular ions on the 60 a.m.u. peak (pure Ni was used in
the standards so isotope ratios of Ni could not be analyzed) or significant
heterogeneity of Ni in the low concentrations standards. However, replicate
analysis of three mounts of the 300 ppm standard indicated that Ni was homo-
geneous to within ±5%. Clearly, additional documentation of Ni needs to
be done before this problem can be understood.
The calibration of Sr and Ti sputtered from natural cpxs are shown in
Figures 16 and 22. Consistent with the results of minor and major elements
sputtered from the same population of natural cpxs, an excellent calibration
is obtained. Only well-analyzed, natural clinopyroxenes were chosen as
standards. Significantly, the sputtering of Sr and Ti from cpx is independent
of major element composition, especially Fe content. This observation, at
least for Sr, was first made by Shimizu et al. (1978). The Ti line spans
a considerable range from trace to minor element concentrations, yet the
calibration is- independent of Ti concentration.
DETECTION LIMITS
Probably the most obvious shortcoming of energy filtering is the loss
of secondary ion intensity at high offsets. As mentioned earlier, inten-
sities drop by one to two orders of magnitude between 0 and -50 V offsets.
In effect, one sacrifices at least 90% of the ions in order to analyze less
thanl0% of the secondary ions. Since sensitivity is reduced with increasing
offsets, one might argue that energy filtering is an unacceptable approach
for quantitative application of the ion probe to trace element analysis.
However, several points should be kept in mind. Much of the low-energy
intensity consists of interfering low-energy molecular ions which must be
removed from the mass spectrum. Currently, the only alternative techniques
available are high-mass resolution or peak stripping. As previously mention-
ed, both of these techniques face difficult problems. High-mass resolution
also results in reduced count rates because the transmissivity of the analyzer
is greatly decreased. Moreover, the amount of resolution required would
vary depending on the specific interference. For peak stripping, on the
other hand, one must have independent knowledge that some peaks are inter-
ference free. This would be most difficult for analysis of natural speci-
mens.
Perhaps the most enlightening description of ion probe detection limits
is to calculate the detection limits for the extreme calibration cases
studied for a set of stringently defined, analytical conditions. For the
analysis of experimental charges, it was necessary to use the smallest
beam practicable. A primary beam current of 2nA results in a primary beam
diameter of 5-10 rn depending on the working state of the instrument. For
0~ ions, this can be regarded as a minimum working beam diameter for the
Cameca probe. For a typical sample containing approximately 55% SiO 2
28 +(either glass or cpx). at a bandpass of -80 ± 25 V, the Si intensity
ranges from 15,000-20,000 cps, depending primarily on focusing and other
instrument conditions. As an example, assume that Ii 28=1 7 ,500 cps. Under
normal circumstances, background is 0.2 ± 0.1 cps and can be considered
independent of mass position to a first approximation. Therefore, a trace
element intensity of 0.4 cps yields a net count rate of 0.1 cps after
correcting for background, This gives a relative intensity of 5.7 x 10-6
28 .+
relative to Si . Employing the maximum and minimum calibration factors
(Sc and Rb, respectively) from Table 3 and solving for concentration, we
find that detection limits range 10.7 ppm for Rb to 0.9 ppm for Sc. Thus,
as defined under stringent analytical conditions, the detection limits for
trace elements using energy filtering lies in the 1-10 ppm range. By in-
creasing the primary bdam diameter to 25-100 um, the detection limits
would be lowered by two to three orders of magnitude, depending on the
element and specific isotopic abundances. Thus, the coupling of depth
profiling (monitoring secondary intensity as one bores into a sample)
with a large, rastered beam and energy filtering would seem to hold much
potential for the quantitative analysis of extremely dilute (.001-1 ppm)
elements in silicate matrices because depth profiling is capable of depth
resolution on the order of a few angstroms. In general, energy filtering
does not seriously decrease the sensitivity of the ion probe nor its
ability to spatially resolve compositional gradients.
MATRIX EFFECTS
Matrix effects have long been regarded as one of the major obstacles
for quantitative SIMS. As discussed earlier, the physics of ion-solid
interactions are so complex that existing theory is capable of describing
only simple target interactions qualitatively (Sigmund, 1969). For the
purpose of discussion, matrix effects will be divided into comyositional
and structural types.
One of the reasons for making the Di-Ab-An standards was to vary the
major element composition in a controlled manner to study the effect of
bulk composition on calibration curves. The 25, 300, and 500 ppm standards
are identical in major element composition while the 150 and 200 ppm
standards are higher in Na 20, Al203 and SiO 2. Yet, once the silicon nor-
malization is applied to the data, no additional variation in the matrix
effect is observed for either trace or major elements sputtered from any of
these iron-free silicate glasses, even though the 200 ppm data required
a silicon normalization of approximately 16%. Thus, within analytical
error, it appears there is no variation in ion intensities (relative to
28Sil with composition for the silicate glasses studied.
For Al, Na and Ca, the experimental clinopyroxenes agree with the
natural pyroxene data. Mg is slightly anomalous, but the problem is
minor. At present, only two trace element calibrations in cpx are avail-
able, Sr and Ti. Both imply no enhanced ionization with change in Fe con-
tent in the crystal although the FeO content varies over approximately
a factor of five. Clearly, much additional data is required before the
compositional dependence of secondary ion emission is fully understood.
Table 6 lists the calibration factors for glass, cpx and the ratio
of the glass calibration factor with respect to the cpx calibration factor
for Na, Mg, Al, Ca, Sr and Ti. Without exception, these elements have
higher calibration factors when sputtered from cpx. In other words, for
a given concentration, the element is preferentially sputtered from cpx
relative to silicate glass. The ratio varies within a range of .60-.91
with an average of .75. Although the data are restricted to six elements,
the consistency strongly implies a structural control on the matrix effect
which is independent of composition (since many of the glasses, although
Fe free, are essentially diopside in composition). Further evidence
for a structural effect was given by Shimizu et al. (.1978) who measured
calibration curves for Al sputtered from clinopyroxene, plagioclase, and
pyrope garnet. The calibration factors for Al were different for each
mineral type. However, this could have been due to the widely different
compositions of the minerals- studied.
Due to the scarcity of data, it is not yet possible to explain why
elements are preferentially sputtered from cpx relative to glass nor why
this preferential sputtering varies among elements. The calibration fac-
tors for Ca, for instance, are essentially identical whereas Na sputtering
from the cpx is enhanced 40%. Undoubtedly, the variation among elements
must be dependent on the atomic mass, collision cross-section, and probably
the ionization potential of the particular element. Much more data will be
needed before this functional relationship can be deciphered. Indeed,
Table 6. Comparison of Glass and Cpx Calibration Factors.
Glass Cpx Glass
ELEMENT Factor Factor Cpx
Na 0.0336 0.0584 0.596
Mg 0.0881 0.107 0.823
Al 0.0842 0.103 0.818
Ca 0.0746 0.0818 0.912
Ti 0.0388 0.0607 0.636
Sr 0.0226 0.0309 0.731
AVG: 0.753 ± 0.121
additional variables may be important.
The overall enhancement of high-energy ion production from the crystals
relative to glass may be related to the mean collisional path of primary
ions. Presumably, primary 0 ions would not penetrate as deeply into
crystals because of the more tightly packed, well-defined crystal structure
relative to a disordered glass. If a given amount of incident energy is
dissipated over a shallower depth into the target, a greater number of
higher energy secondary ions might result. On the other hand, a primary
ion penetrating over a greater distance into a glass would be expected to
undergo more total collisions with less energy dissipated per collision.
This would presumably result in fewer high energy secondary ions. Silicon
exists within discrete tetrahedra in both phases and would presumably
sputter similarly from each. Therefore, this simple concept could explain
why the production of secondary ions relative to Si ions would differ
between crystals and glass. Additional analytical data will be required
before SIMS theories can be satisfactorily constrained. For the present,
if one has a glass calibration but no suitable cpx standard for the element
of interest, one can estimate the ratio of calibration factors at 0.75
then solve for the cpx calibration factor. Although based on limited data,
this rule-of-thumb is probably accurate to within ±15-20%.
SUMMARY
Data from five synthetic Di-Ab-An glass standards doped with 19
trace elements, eight natural clinopyroxenes and 12 coexisting diopside-
liquid equilibrium experiments have been used to construct calibration
curves for the major elements Na, Mg, Al, Ca and Fe and the trace elements,
Ti, Sc, Rb, Sr, Zr, Cr, and Ba. So far six elements (Na, Al, Mg, Ca, Ti
and Sr) have been calibrated for both cpx and glass.
Application of the energy filtering technique of Shimizu et al. (1978)
has demonstrated the following: (1) Molecular ions, which are characterized
by low kinetic energies, are successfully eliminated. (2) Measurements,
ratioed with respect to 28Si ions are reproducible within analytical error.
(3) Calibration curves are obtainable which enable trace element analysis
to within ±5-10%. (4) Detection limits range from .001-10
ppm depending on the primary beam current and the particular element.
(5) For the range of compositions studied, when ratios are normalized to
a constant SiO2 wt. % (internal standard), there is no significant compositional
dependence (matrix effect) for either glass or cpx with the possible ex-
ception of major element interactions in cpx. (6) Both major and trace
elements are preferentially sputtered from cpx relative to glass. (7)
Calibration factors vary greatly among elements but cannot be explained
by any simple relationship, However, the ratio of calibration factors be-
tween glass and cpx vary within a narrow range of .60-.91 with an average
of .75.
A major contribution of this study is the demonstration that energy
filtering is valid between 55-105 eV, whereas Shimizu et al. (1978) analyzed
positive, secondary ions with energies >100 eV. The lower limit of
energy filtering enables lower detection limits and greater precision through
increased count rates. Therefore, it appears that energy filtering enjoys
a wide applicability to quantitative SIMS analysis. Hopefully, with
additional empirical work, theoretical understanding of ion-solid inter-
actions will be advanced.
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PART II
An Ion Microprobe Study of Trace Element Partitioning
in the Diopside-Albite-Anorthite System
ABSTRACT
An ion microprobe, empirically calibrated for trace elements sputtered
from diopside(CaMgSi 206)-albite(NaAlSi3O8 )-anorthite(AcAl2Si2O8 ) glass and
clinopyroxene (Ray, in press), has been used to measure partition coeffi-
cients between clinopyroxene and liquid [Di(cpx/1)] in the diopside-albite-
anorthite system for Sc, Ti, Sr and Sm at 1250*C, 1300*C and 1345*C. Ex-
periments were unbuffered, anhydrous and run at atmospheric pressure.
Partition coefficients measured in an 8-day synthesis experiment of
Di65Ab24Anll run at 1300*C have been bracketed within analytical error
by a 31-day reversal. A series of experiments of Di60Ab20An20 run at 1275*C
has shown that equilibrium is attained within two to four days. Henry's
Law behavior has been demonstrated for trace concentrations in clinopyroxene
from 101 to 103 ppm. The following ranges for D9PX/1 have been measured:
DSc, 0.345 to 2.61; DSm, 0.054 to 0.328; DSr, 0.675 to 0.136; DTi, 0.084
to 0.214.
All partition coefficients can be correlated with the Si0 2 wt.% con-
centration in the liquid. At constant temperature, DSm, DSc and DSr increase
with higher Si0 2 while DTi varies inversely with Si0 2. DSc, DSm and DTi
decrease with increasing temperature while DSr shows no obvious temperature
dependence on a plot of D vs. Si02.
Assuming ideal composition-activity models, equilibria for jadeite
(NaAlSi206), calcium Tschermak's (CaAlAlSi06 ) and enstatite (MgMgSi206)
components of clinopyroxene along with trace element distributions between
clinopyroxene and liquid have been successfully modelled by the formulation
of exchange reactions with the exception of a formation reaction for Sr.
On plots of ln K vs. l/T, each reaction model yields a straight line with
a regression coefficient typically better than 0.98, and the isothermal,
compositional effects on partitioning are removed. The temperature de-
pendence of the Ti and Sr reactions is determined to within ±10*C(2a),
suggesting their potential usefulness as geothermometers.
INTRODUCTION
Due to the efforts of Gast (1968), Shaw (1970) and numerous other workers
(see Allegre and Minster, 1978, for a review), the mathematical formalisms
necessary to describe trace element evolution during major igneous processes
have been developed. These processes include partial melting, fractional
melting, fractional crystallization (total equilibrium vs. surface equili-
brium), wall rock reaction, zone refining, magma mixing, etc.
Implicit in the use of the various equations is a thorough knowledge
of partition coefficients. A partition coefficient, D, is the weight
fraction, C, of a trace element, i, in a solid phase, s, divided by the C
sf1 s 1
weight fraction of the element in the coexising liquid, 1, D = C /OIk , and
is a function of temperature, pressure and composition (McIntyre, 1963). The
incentive to measure partition coefficients lies in the usefulness of dis-
persed elements as tracers of igneous processes. Broadly, these processes
include the nature and extent of melting at the source region, and the change
in composition as the magma ascends to the earth's surface. However, for
these important goals to be accomplished, one must be able to separate the
functional dependences of D before one can invert the data set to obtain a
meaningful solution to any petrogenetic problem. Furthermore, the data must
be precise (Allegre et al., 1977).
There are basically two methods for obtaining crystal/liquid partition co-
efficients. The first is to measure the distribution between a phenocryst and
its associated groundmass. The alternative is to measure coefficients experi-
mentally in systems of petrological interest. Early workers (Onuma et al.,
1968, Philpotts and Schnetzler, 1970, Schnetzler and Philpotts, 1970, Hart and
Brooks, 1974) measured trace element distributions between natural phenocrysts
and coexisting glass or microcrystalline groundmass. In this approach, one
separates the respective phases, usually by some mechanical technique such
as hand-picking, heavy liquids, and/or magnetic separation, and then analyzes
the phase separates by a suitable bulk analytical technique such as isotope
dilution or neutron activation techniques. There are several significant
shortcomings of this approach. Igneous- rocks commonly exhibit textural
evidence which may indicate that the original crystal/liquid equilibria have
been altered. These features include reaction rims, zoning, sub-solidus ex-
solution and accumulation of phenocrysts and xenocrysts, among others. More-
over, assuming one has located an equilibrium assemblage, one must have inde-
pendent knowledge of the pressure and temperature at which equilibrium was
attained. Present geothermometers and geobarometers are not sufficiently pre-
cise for detailed modelling. Also, phase separation is very difficult and
complete separation is virtually impossible. On the other hand, one major
advantage of the phenocryst-matrix approach is that one is working in a rele-
vant system.
In the experimental approach, one selects a binary or ternary system which
crystallizes the solid phase of interest over some P-T-X range, adds the trace
element whose partitioning behavior is to be investigated, and then places
the experimental charge in a suitable high pressure-high temperature apparatus
and allows the experiment to equilibrate for a suitable amount of time. Since
one has complete control over the intensive variables, each variable can be
systematically studied independently, thus allowing a more detailed knowledge
of trace element behavior. Although one is restricted to using a fairly simple
system, many ternary systems are analogs of certain ignedus: rock types.
Moreover, knowledge of the behavior of trace elements in simple systems is a
prerequisite to understanding behavior in complex, real systems. Therefore,
the experimental approach was employed in this investigation.
SIGNIFICANCE OF THE DI-AB-AN SYSTEM
The Di-Ab-An system, which Bowen (1915) termed haplobasaltic,
is a basaltic analog since clinopyroxene (cpx) and plagioclase are
the most important liquidus phases in basalts. Therefore, study of
the Di-Ab-An system should facilitate trace element modelling of
basalts during low-pressure fractionation of cpx and plagioclase.
Secondly, the Di-Ab-An system is a relatively simple and well
known system, at least from the viewpoint of phase equilibrium.
Kushiro (1972) has redetermined the cotectic between diopside and
plagioclase solid-solution. Also, Murphy (1977) and Navrotsky,
et. al. (1980) have performed thermodynamic studies of the system.
Thirdly, of the most abundant mantle phase (olivine, ortho-
pyroxene, clinopyroxene, aluminous phase), cpx is probably the most
important in controlling the distribution of incompatible elements
(Irving, 1978). However, its involvement during partial melting
or fractional crystallization is difficult to detect since there are
no elements which characteristically substitute into the cpx structure
(Allegre and Minster, 1978). Thus, while Ni and heavy rare earth
elements can be used to detect olivine and garnet control, respectively,
it is more difficult to determine cpx involvement. Cr and Sc are
potentially the most useful, but there are problems associated with
their use. Cr strongly partitions into cpx, but often forms chromite
cpx/1inclusions. Lindstrom (1976) measured D c and obtained valuesSc
ranging from 0.84 to 8.75. However, Irving and Frey (1977) measured
Dgarnet/l at 27.6. Therefore, the dependence of Dcpx/l and Dgarnet/l
Sc Sc Sc
on intensive variables must be understood if Sc is to be used as an
indicator of cpx fractionation.
Fourthly, this ternary is probably the most thoroughly studied
system with respect to trace elements. Lindstrom (1976) has measured
partition coefficients of the transiton metals by percent level doping
(technique of adding trace elements to abnormally high concentration
levels, i.e., 0.1-5%) and electron microprobe. Benjamin et. al.
(1978) have measured U, Th, and Pu in the Di-Ab-An + whitlockite
(Ca3 (PO4)2) system and Shimizu (1974) has measured Depx/1 for K, Rb,
Cs, Ba and Sr in Di-Ab-An + water system. An integrated study
attempting to correlate trace element behavior in the Di-Ab-An system
with liquid structure, pyroxene composition, and temperature is
badly needed at this time, especially when one considers the dis-
crepencies and inaccuracies of the present data (Irving, 1978).
The trace elements chosen for study exhibit a wide range of
geochemical properties. Their partition coefficients (cpx/l) range
from compatible (Sc) to strongly incompatible (Sr and Sm). Ti is a
minor element in clinopyroxene for which a sizeable body of concen-
tration data currently exists. Partition coefficients for Sr and
Sm are needed in order to understand the effect of clinopyroxene
fractionation on Rb/Sr and Sm/Nd systematics. Although these elements
are not altervalent under the conditions studied, they range from
divalent (Sr) to tetravalent (Ti). This should allow the study of
a variety of charge balancing mechanisms since the trace elements
are all presumed to enter the octahedral sites in clinopyroxene, both
of which normally contain divalent cations.
EXPERIMENTAL PROCEDURE
Figure 1 shows the Di-Ab-An system and the compositions chosen
for study. Since the objective was to study the effects of
composition and temperature on clinopyroxene/liquid partitioning,
bulk compositions were chosen so that four separate experiments
could be performed at a constant temperature, and since it was
necessary to run experiments at a minimum of three temperatures, to
study the temperature effect, a total of 12 bulk compositions, each
doped with 800 ppm of Sc, Ti, Sr, and Sm, were prepared. At each
isotherm, the bulk compositions span the width of the diopside
primary phase field. Compositions were chosen so that at equi-
librium, the crystal to liquid ratio would be approximately 1:4.
Thus, the 1345*C experiments were run only 5*C below the liquidus,
whereas the 1250*C runs roughly 20*C below liquidus.
High purity (1 99.99% purity) were used to synthesize the bulk
compositions in order to control the trace element concentrations as
closely as possible. For major elements, the oxides-of Si, Al, and
Mg were used. For Ca and Na, which form hygroscopic oxides, car-
bonates were employed. The major element compounds were dried for
periods of at least two to three days at 400-450*C, then cooled and
stored in a dessicator. No significant weight gain was observed
during weighing of any compound. For the trace elements, the
following compounds were used: SrC03, Sm203, TiO2, and Sc2 0 The trace
element compounds were dried for 4-6 days at 150*C.
Each bulk composition was prepared separately from its con-
stituent compounds in the following manner. First, trace element
Figure 1.
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The diopside-albite-anorthite system. Bulk compositions
are labeled A - L.
compounds were weighed on a Perkin-Elmer model AD-2 micro-balance.
Approximately 800 ppm by weight of each trace element was added.
After weighing, the compounds were placed directly into a precleaned
agate mortar. Next, the major element compounds were weighed in a
Mettler balance and added to the agate mortar containing the trace
elements. The entire mix was ground for five to six hours under
ethanol, then dried at 90*C to remove the ethanol. After drying, the
mix was transferred to a Pt-Au crucible which had been precleaned
with warm HL and HC1. The crucible + mix was put into a Kanthal
wound pot furnace and dried overnight at 1000*C to degas the carbonates.
After cooling in a dessicator, the mix was placed in a Pt wound furnace,
fused approximately 30*C above its liquidus for one to two hours, then
quenched by lowering the crucible into water. The glass was reground
and then fused a second time for one to two hours. Finally, the
glass was quenched a second time, ground in a boron carbide crucible
and stored until needed. Thus, all bulk compositions were mechanically
well-mixed and then fused two times to insure trace and major element
homogeneity.
All experiments were anhydrous, unbuffered and were run at
atmospheric pressure. Approximately 30 mg of material was placed in
a Pt capsule which had been precleaned in HF and welded at one end.
After adding the run material, the open end of the capsule was crimped
shut and the charge was dried overnight at 900*C to remove any adsorbed
volatiles. After cooling in a dessicator, the crimped end of the Pt
capsule was welded, and the experimental charge was placed in a furnace
equipped with MoSi heating elements. After the furnace was brought to
run temperature, the charge was quickly lowered into the hot spot
within 0.5 mc of a PtlORh thermocouple. The charge attained run
temperature within two minutes. The thermocouple was calibrated
against the melting points of gold, lithium metasilicate and diopside
on the IPTS(1968) temperature scale (Bigger, 1972). Temperature was
controlled by a proportional controller which received input from
the thermocouple placed in the furnace's hot spot. Based on
observation of temperature fluctuation and periodic recalibration of
the thermocouple, run temperatures are known to within ± 2*C. Since
the phase equilibrium of the Di-Ab-An system was determined by Bowen
using the temperature scale established at the Geophysical Laboratory,
Carnegie Institute of Washington, all measurements made with the IPTS
(1968) scale have been corrected back to the Geophysical Lab.scale
(this correction is q, 3*C.). Runs were quenched by dropping the
sealed Pt charge into water. Quenching typically occurred over a
time span of three to five seconds. Run times which varied from 6-10
days were selected on the basis of a 31-day reversal which bracketed
equilibrium for an 8-day synthesis run, and of a separate series of
Di 60Ab 20An20 experiments run for 0.25 to 8 days at 1275*C which
indicated that equilibrium was reached in less than 4 days. It was
observed that longer run duration generally resulted in fewer but
larger diopside crystals which greatly facilitated ion probe analysis.
After quenching, the charge was opened and the run material was
mounted in epoxy, polished with aluminum polishing grit, then
inspected optically. With the exception of one experiment which
quenched slowly and was discarded, no experiments showed any indication
of quench crystals. In general, the diopside crystals were equant to
prismatic, depending on orientation, and ranged from less than 10 um
Table 1. Major Element Composition Data.
B
Di 48Ab 40An12
Equilibrium Experiments
C D
Di 52Ab 26An22 Di 56Ab 15An29
E
Di 64Ab36
F
Di 65Ab 24An
OXIDE
SiO 2A12 03
CaO
Mgo
Na20
70.86
13.86
7.92
4.97
4.38
101.99
CATIONS/6 OXYGENS
Si 2.281
Al 0.525
Ca 0.272
Mg 0.238
Na 0.272
3.588
PYROXENE
OXIDE
Si0 2
A1203
CaO
MgO
Na20
56.58
0.73
23.91
19.11
0.44
100.79
CATIONS/ 6 OXYGENS
Si 2.007
Al 0.03
Ca 0.909
Mg 1.011
Na 0.03
3.986
9 9
LIQUID
A
Di 48Ab52
63.69
15.54
11.41
5.36
4.22
100.22
2.125
0.616
0.418
0.267
0.273
3.699
54.89
1.39
24.12
18.42
0.41
99.27
1.983
0.058
0.933
0.992
0.028
3.995
58.39
15.83
15.47
6.83
3.70
100.23
2.000
0.638
0.567
0.349
0.245
3.799
55.94
1.76
24.13
18.53
0.31
100.66
1.988
0.073
0.919
0.981
0.021
3.982
55.92
16.23
18.03
7.08
2.38
99.63
1.942
0.663
0.670
0.366
0.160
3.801
54.73
2.10
24.71
18.39
0.16
100.14
1.962
0.088
0.949
0.983
0.010
3.994
62.19
7.99
14.96
10.27
4.70
100.11
2.138
0.324
0.551
0.525
0.313
3.851
56.61
0.61
23.83
19.54
0.38
100.86
2.005
0.025
0.906
1.003
0.025
3.994
58.66
9.40
17.81
10.75
3.06
99.68
2.045
0.385
0.665
0.559
0.207
3.860
55.81
0.54
24.20
19.73
0.19
100.47
1.992
0.022
0.924
1.049
0.012
4.000
Table 1. Major Element Composition Data (continued).
Equilibrium Experiments
G
D i' Ab An68 11 21
H
Di 70An 3
I
Di84 Ab16
i
Di 84Ab 10An6
K
Di 84Ab 5An 1
OXIDE
SiC 2A120 3
CaO
Mg0
Na20O
55.11
11.16
21.01
11.12
1.55
99.94
CATIONS/6 OXYGENS
Si 1.939
Al 0.462
Ca 0.792
Mg 0.582
Na 0.105
3.880
PYROXENE
OXIDE
Si0 2
A1203
CaO
MgO
Na20
55.27
0.93
24.80
19.67
0.16
100.83
CATIONS/6 OXYGENS
Si 1.969
Al 0.039
Ca 0.946
Mg 1.045
Na 0.010
4.009
0 0
LIQUID
L
D184 An15
51.99
11.98
23.58
11.55
0.03
99.13
1.860
0.505
0.903
0.615
0.001
3.884
54.60
1.46
24.81
19.16
0.0
100.03
1.962
0.061
0.955
1.025
0.0
4.003
58.94
3.84
20.36
14.04
2.36
99.54
2.083
0.160
0.771
0.740
0.161
3.914
55.80
0.27
24.18
20.20
0.11
.100.57
1.990
0.010
0.924
1.074
0.007
4.005
57.72
4.82
21.96
14.20
1.34
100.05
2.036
0.200
0.830
0.746
0.091
3.903
55.93
0.57
24.23
19.57
0.14
100.44
1.995
0.024
0.925
1.041
0.009
3.994
55.39
6.16
23.75
14.05
0.77
100.12
1.968
0.257
0.904
0.743
0.052
3.924
56.12
0.43
24.52
19.85
0.13
101.06
1.992
0.018
0.932
1.050
0.008
4.000
54.93
6.55
24.65
14.60
0.0
100.73
1.942
0.272
0.934
0.769
0.0
3.917
55.59
0.81
24.55
19.66
0.0
100.61
1.983
0.033
0.938
1.045
0.0
3.999
Table 1. Major Element Composition Data (continued).
Di Ab An Rate Experiments6020-2020
200 4'
LIQUID
OXIDE
Si0 2
A120 3
CaO
MgO
Na20
0.25 day 0.5 day
57.53
12.73
18.70
8.18
2.62
99.76
CATIONS/6 OXYGEN
Si 2.002
Al 0.521
Ca 0.696
Mg 0.423
Na 0.176
3.819
PYROXENE
OXIDE
Si0
2
A1203
CaO
MgO
Na20
N.A.
57.57
12.46
18.83
8.11
2.65
99.71
2.007
0.511
0.703
0.421
0.179
3.823
N.A.
CATIONS/6 OXYGENS
Si
Al
Ca
Mg
Na
1 day
57.59
12.84
18.87
8.12
2.68
100.11
1.999
0.524
0.701
0.419
0.180
3.823
54.87
1.35
24.26
18.89
0.16
99.55
1.978
0.057
0.937
1.014
0.010
3.996
4 day
57.66
13.06
18.74
7.93
2-.71
100.11
2.000
0.553
0.696
0.410
0.182
3.820
55.04
1.27
24.66
18.86
0.19
100.02
1.970
0.049
0.955
1.020
0.014
4.007
8 day PPM
61.79
10.21
17.37
10.12
1.87
101.36
57.76
12.78
19.04
8.01
2.65
100.28
2.001
0.521
0.707
0.414
0.178
3.821
2.093
0.407
0.630
0.511
0.122
3.763
55.65
1.39
24.74
17.97
0.25
100.00
56.19
0.55
24.56
20.22
0.12
101.63
1.983
0.023
0.925
0.065
0.008
4.005
1.996
0.059
0.950
0.960
0.017
3.981
Di Ab An Experiments
-65=-24-J. ment
00 5000
PPM
61.84
9.09
16.91
10.12
2.71
100.67
2.113
0.365
0.618
0.515
0.179
3.791
55.54
0.36
24.57
19.87
0.20
100.67
1.984
0.015
0.940
0.156
0.013
4.009
PPM
57.25
9.29
17.90
10.88
3.02
98.34
2.028
0.388
0.679
0.574
0.207
3,875
55.84
0.72
24.32
19.51
0.35
100.74
1.988
0.034
0.925
1.030
0.025
4,002
31-Day
PPM Reversal
60.45
8.93
17.05
10,45
2.83
99.71
2.094
0.364
0.632
0.539
0.190
3.818
55.94
0.54
23,72
19.59
0.18
100.00
2.001
0.022
0.045
1.045
0.012
3.990
0 *
to perhaps 25-30 pm in diameter, depending on the temperature, bulk
composition and run duration.
The run products were analyzed for major element concentrations
with the automated MIT MAC electron microprobe. The electron beam was
accelerated to 15 KV with a beam current of 300pA as monitored on
graphite. Analyses were standardized relative to DiJd 35 glass while
the corrections of Bence and Albee (1968) were used. Counts were
collected for 20 s or 60,000 counts. Table 1 lists the major element
composition of coexisting clinopyroxene and liquid for the equi-
librium experiments.
APPLICATION OF THE ION MICROPROBE
The most significant aspect of this work is the application of
the ion microprobe to the in situ analysis of trace elements. The
following discussion is a summary of a previous study (Ray, in press)
which demonstrated that the ion probe could be empirically calibrated
with a set of synthetic, trace element doped, Di-Ab-An glasses and
several well-characterized, natural clinopyroxenes. The reader is
referred to the above article for further details.
Five synthetic glass standards with bulk compositions lying in
or similar to compositions in the diopside-albite-anorthite system
were each doped with 19 geochemically important trace elements. All
of these glasses have been documented for Rb, Sr, and Ba by isotope
dilution while Ti has been analyzed by XRF. Three standards have
been analyzed for Ni by isotope dilution.
Thus far, no evidence for trace element heterogeneity has been
found including the volatile alkalies and Ni, which was soluble in
the Pt crucible used during synthesis. Moreover, preliminary analysis
indicates that for many elements, the gravimetric concentrations are
probably accurate to within ± 10%. The glass standards, which were
named on the basis of the weight ppm concentration of each element,
have the following trace element distributions: 25 ppm, 150 ppm,
200 ppm, 300 ppm, and 500 ppm. For example, the 200 ppm standard
contains 19 trace elements each with a nominal concentration of 200
ppm by weight. Eight well-characterized natural clinopyroxenes were
used for the calibration of elements sputtered from clinopyroxene.
A schematic diagram of Cameca ims 3f ion microanalyzer operated
by the MIT-Brown-Harvard Regional Ion Microprobe Consortium is shown
in Figure 2. Primary ions are formed in duoplasmatron (a). Although
a number of gases can be used as a source of primary ions (e.g.,
nitrogen, oxygen, and argon), in this study all samples were bom-
barded by 0 ions. The ions are extraced from the duoplasmatron,
focused and accelerated to the sample surface (b). In this study,
the primary beam of 0 ions with 2-100 nA currents and a net energy
of 13.2 KV was focused to a spot ranging in diameter from 5-100 ym.
The 0 ions bombard the sample, producing sputtered atoms and
molecules, a small fraction of which become ionized. These secondary
ions, only positively charged ions in this case, are accelerated to
approximately 4.5 KV and focused through an immersion lens (c) and
one of several transfer lenses (d) depending on the size of the area
to be imaged. In this study, a 25 um area was imaged. Since the
Cameca instrument is a double focusing mass spectrometer, the
Figure 2. Schematic diagram of the Cameca ion probe. The following parts
are labeled: (a) duoplasmatron, (b) sample, (c) immersion lens, (d) transfer
lenses, (e) electrostatic sector, (f) energy slit, (g) magnetic sector,
(h) fluorescent screen, (i) faraday cup, (j) electron multiplier.
secondary ions travel through an electrostatic sector (e) before
being analyzed by the magnetic sector (g). From there, the ions
either impinge on a flourescent screen for imaging purposes (h), or
travel into the detector. Detection is by either a Faraday Cup (i)
for strong signals or a 17-dynodeAllen-type, electron multiplier (j)
for weak ion currents. The latter was used exclusively in this study.
A pulse of approximately 5 nsec long and 2.5 mV high was produced
for each incoming ion by a pre-amplifier. The dead time of the
electron multiplier was measured at 50 nsec.
A fundamental characteristic of ion-solid interactions is that,
in addition to single-atom ions, numerous types of complex molecular
ions are formed. These molecular ions include oxides, hydroxides,
hydrides, and hydrocarbons. Commonly, the mass of a molecular ion
may overlap the atomic mass of an element of interest (for example,
24 16 + 40 +4Mg 0 on Ca .) Clearly, these overlaps must be removed.
Shimizu et. al. (1978) observed that molecular ions possessed less
initial kinetic energy than single-atom ions. By decreasing the
electrostatic acceleration of secondary ions into the probe, they
were able to systematically discriminate against molecular ions, thus
"purifying" the mass spectrum. This technique was termed energy
filtering. By analyzing positive, singly-charged, secondary ions
with kinetic energies > 100 eV., Shimizu et. al. were able to obtain
linear correlations between the relative ion intensity of an element
28 +(with respect to Si ) versus the concentration of the element in
the sample. They presented several working curves for major and
trace elements sputtered from different mineral types.
The study suggested that given adequate standards of known
composition, it might be possible to experimentally determine
partition coefficients for trace elements at concentrations within
or near their natural abundance ranges. Thus, the energy filtering
technique was studied in some detail using the natural and synthetic
standards mentioned above.
The first problem was to determine how much filtering was
needed to remove the molecular ions. In the sputtering process, the
low energy ions vastly predominate in quantity and the number of ions
decreases sharply with increasing energy. Since an unavoidable con-
sequence of energy filtering is intensity losses on the order of one
to two orders of magnitude, it is imperative that no unnecessary
filtering be used so that sensitivity and precision can be kept
satisfactory. To determine the amount of energy filtering required,
the Sr 86/Sr88 ratio was measured on the 500 ppm standard. With zero
filtering, the ratio was two times the natural abundance ratio (see
Fig. 3) but with filtering greater than 30 V, the measured ratio was
within analytical error of the correct isotope ratio of 0.1194.
Furthermore, isotope ratios of titanium, samarium and zirconium were
found to be free of interferences at energy filtering in excess of
50 V.
Attempts to reproduce the Sr88 /Si28 ratio on the 500 ppm standard
at 30 to 40 V energy offsets failed even though there were no inter-
ferences on the strontium peaks. However, it was found that at
offsets k 50 V this ratio became quite reproducible through time.
Fig. 4 shows the Sr88 /Si28 ratio as measured on the 500 ppm standard
through a nine-month time span. The reason for this reproducibility
is a result of the energy distribution of secondary ions and its
. ISr8/1 Sr88
04 rOOD 0
ISr /ISr as a function of energy filtering. At voltage offsets
more negative than -25V, molecular ions are eliminated.
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explanation is largely beyond the scope of this paper. Basically,
the low energy portion of the energy spectrum of secondary ions is
not only complicated by molecular ions, but is also the result of low
energy, short-distance, electrical interactions within the secondary
ion "plasma" which in turn are related, in a complex way, to the
local sample environment. Thus the low energy spectrum, even if
interference free, tends to vary significantly through time. On the
contrary, the high energy (; 50 V) portion is very reproducible.
The theoretical basis for this was suggested by Sigmund (1969) who
was able to theoretically predict the distribution of secondary ions
from a monoisotopic, metallic target only for those ions which had
escape energies much greater than the potential barrier of the target
surface. Shimizu and Hart (in press) studied isotopic mass fraction-
ation in SIMS. They observed that for Cr isotopes, for instance, mass
fractionation was pronounced at zero filtering (, 1.6%/amu), but that
no fractionation, within analytical error, was observed at 50 V of
energy filtering. Moreover, by selectively positioning a small
aperture above the image of the sputtered crater, they determined that
the highest energy ions were being emitted from the deepest part of
the crater. Thus, both theory and recent empirical work on isotope
fractionation indicate that analytical reproducibility is greatly
enhanced when high energy ions are analyzed.
Calibration of the ion probe was done by measuring positively
charged secondary ions with kinetic energies between 55-105 eV.
Secondary ion intensities were measured using software written by
K. Burrhus of MIT. The program automatically searches for ion peaks,
calculates their mass position and then changes the magnetic field
stepwise from lowest mass to highest mass while collecting counts at
each peak position for the desired time. Count time ranged from 1 s
for all major elements to 100 s for some trace elements. Background,
which was counted 0.5 amu below the lightest mass analyzed, rarely
exceeded 10% of the signal and was subtracted by the program. All
intensities were automatically corrected for background, dead time
(negligible in most cases) and peaks were doubly interpolated to
correct for instrumental drift. This program collects data for 7
scans of the mass spectrum and then calculates six sets of relative
ion intensity ratios. To improve precision, one can repeat the
analysis as many times as needed. For calibration, ion intensity,
corrected for isotopic abundance, was ratioed with respect to the ion
+ .28intensity of Si and plotted against the elemental weight concen-
tration in the material. To determine the uncertainty in the slope
and intercept of the working curves, all data were regressed using
the method of York (1966).
The major elements Na, Mg, Al and Ca were calibrated for both
Di-Ab-An glass and clinopyroxenes (eight natural cpxs plus 12 experi-
mental diopsides). The trace elements, Sr, Rb, Ba, Ti, Sc, Cr and Zr
were calibrated for glass, while only Ti, Sr, and Sc have been cali-
brated in cpx. Since all experimental charges were analyzed for major
elements by electron microprobe, no use was made of the major element
working curves. Moreover, since all secondary ion intensities are
+ 28.
ratioed with respect to Si ions, these ratios must be normalized
to a constant SiJQ2 wt.% concentration. Thus, independent knowledge
of SiO2 is required. The working curves relevant to this investigation
are shown in Figs. 5-9, and the regression parameters are given in
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Table 2. Regression Parameters for Calibration Curves.
Slope
0.109
0.0607
0.0309
CPX
(la) Intercept
11.5
4.0
4.9
ELEMENJT Slo e
Glass
Intercet(la)
3.8
4.2
3.1
0.0608
0.0386
0.0226
1.69
0.897
0.0266
0.314
0.174
0.0594
0.998
0.995
0.996
1.27
-3,56
-0.265
0.350
1.46
0,220
0.998
0.999
ELEME UCT ) Interce t
Table 2. Judging from the figures and the regression parameters,
it is clear that excellent working curves have been obtained for
Sr and Ti, for both phases, while the Sc curve for glass is also
well-defined, but the scandium curve for cpx should be considered
preliminary until additional clinopyroxene standards are obtained.
Therefore, this empirical approach enables quantitative measurement
of these trace elements to within ± 5-10%(la).
During the analysis of standards, it was possible to use a high
primary beam current (25-100 nA). However, since the experimental
diopside crystals were rarely larger than 20-25 pm in diameter, it
was necessary to use the smallest beam diameter practicable. A
primary beam current of 2 nA corresponds to a 5-10 pm diameter beam
and represents the minimum, practical, working beam diameter under
the instrumental conditions used. This decrease in primary beam
represents a one to two order of magnitude loss in intensity in
addition to losses due to energy filtering. Fortunately, this loss
of signal did not seriously affect trace element analysis. Since
secondary ions are characterized by integral atomic masses, back-
ground between peaks is consistently low (0.20± 0.1 cps). Thus,
count rates as low as 0.4 cps can be detected. Given the range of
calibration factors measured thus far, this implies detection limits
in the 1-10 ppm range based on the rather stringent analytical con-
ditions wh4ch were required for the analysis of small crystals.
Even though energy filtering results in significant loss of intensity,
quantitative analyses can be performed for many trace elements on a
5-10 pm diameter area. Of course, detection limits can be lowered
one to two orders of magnitude with recourse to a larger beam diameter.
MAJOR ELEMENT EQUILIBRIA
Experimental studies have shown that variation in the composition
of the liquid exerts a significant control on trace element partitioning
(Watson, 1976; Lindstrom, 1976; Hart and Davis, 1978), and compositional
effects have been confirmed for the elements investigated here. Unfor-
tunately, for most real rocks, the liquid from which the solid phase
crystallized is difficult or impossible to determine. However, if one
had sufficient thermochemical data to describe equilibrium between the
solid solution behavior of a given crystalline phase and the coexisting
liquid, one could, at least in principle, use the data on the crys-
talline solution to correct for liquid effects on partitioning. The
correlation of partitioning with clinopyroxene composition was a major
goal of this study.
The clinopyroxenes which crystalize in the Di-Ab-An system are not
stochiometric diopsides (Murphy, 1977). Rather, they are solid solutions
composed of the additional components: jadeite (NaAlSi206 ), calcium
Tschermak's (CaTs) molecule (CaAlAlSiO6 ) and enstatite (MgMgSi206).
All of the experimental clinopyroxenes have been recalculated into
these four components and are listed in Table 3.
Several observations are apparent. First, the mole fraction of
diopside is essentially constant (.92 ±.02) and greatly predominates
over the three minor components. As a first approximation, the activity
of diopside is the clinopyroxenes is essentially constant. Secondly,
enstatite constitutes the next most abundant component varying from
0.038 to 0.076 mole fraction. Enstatite mole fraction increases with
increasing temperature and, at a given temperature, the bulk composition
Table 3. Composition of Clinopyroxenes in Terms
of Solid Solution Components (mole fractions).
EXPERIMENTS
Di 48Ab52
Di48 40 12
Di52 26 An22
Di56 Ab15 An29
Di 64Ab36
Di65 24 11
Di68 11 21
Di70 30
Di84 16
Di 84Abl0An6
Di84 Ab5 11
Di 84An16
Calcium
Jadeite Tschermak's
0.030 0.0
0.026 0.016
0.021 0.026
0.011 0.039
0.025 0.0
0.012 0.005
0.010 0.015
- 0.031
0.007 0.0
0.009 0.008
0.008 0.005
0.017 0.062 0.921
Enstatite
0.051
0.038
0.044
0.036
0.064
0.063
0.057
0.051
0.076
0.062
0.062
Diopside
0.909
0.917
0.893
0.911
0.906
0.919
0.932
0.924
0.923
0.918
0.927
E
0.990
0.997
0.984
0.997
0.995
1.001
1.014
1.006
1.005
0.997
1.002
1.000
on the Di-Ab join consistently crystallizes a more enstatite-rich cpx
than other compositions. Jadeite and Calcium Tschermak's components
are both minor relative to diopside and enstatite. Furthermore,
jadeite decreases from 0.030 to 0.0 mole fraction while CaTs increases
from 0.0 to 0.039 as one traverses an isotherm from the Di-Ab to the
Di-An join. The systematic variation of the CaTs and jadeite mole-
cules is worth noting because Na and Al represent the only major
element cations capable of charge balancing for Sc and Sm. The amounts
of these components drastically decrease with increasing temperature.
In the 1345*C runs, these molecules are barely detectable. Moreover,
on the Di-Ab join, there is no detectable CaTs component, whereas in
the Di-An join, there is no detectable jadeite component in cpx. This
observation will be used to simplify the modelling of the trivalent
trace elements.
Since clinopyroxene is a common igneous phase and incorporates all
of the major components of igneous liquids, a complete understanding of
equilibrium between these two phases would greatly increase petrologists'
ability to infer the liquid line of descent during fractionation.
Recently, Nielsen and Drake (1979) and Grove and Lindsley (1981) have
studied clinopyroxene-liquid equilibria.
Nielsen and Drake calculated activities of the liquid components
using the Bottinga-Weill (1972) model for the structure of silicate
melts. This model assumes that melts can be divided into network-
forming and network-modifying components which mix on independent
lattices. With respect to the clinopyroxenes, they assumed that both
octahedral sites (Ml and M2) were identical in size and thermodynamically
ideal. Given these assumptions, they were able to model cpx/liquid
Table 4. Ideal Activity - Composition Models for Silicate Liquid (mole fractions).
Model I
EXPERIMENT
Di 48Ab52
Di48 Ab40Anl2
Di 52Ab 26An22
Di56Abl5An29
Di 64 Ab35
Di 68Ab An21
Di 70An 30
Di 84Ab 6
Di 84Ab 0An6
Di 84Ab 5An
XNa2 0
0.043
0.042
0.037
0.024
0.044
0.015
0.022
0.012
0.0069
xSi
0 2
XMgO
0.075
0.082
0.104
0.108
0.149
0.162
0.169
0.197
0.199
0.197
0.203
0.083
0.095
0.095
0.098
0.046
0.064
0.070
0.021
0.027
0.034
XCaO
Model I
XNaO0 0 5 MgO A10 1
0.085
0.128
0.169.
0.198
0.156
0.220
0.249
0.205
0.221
0.240
0.076 0.066
0.
0.
0.
0.
0.
0.715
0.653
0.596
0.573
0.605
0.539
0.512
0.555
0.542
0.522
074 0.072
065 0,092
042 0.096
081 0.136
027 0.150
- 0.158
041 0.189
023 0.191
013 0.189
0.146
0.167
0.168
0.174
0.084
0.119
0.130
0.041
0.051
0.066
X
XS 07
0.636
0.575
0.527
0.511
0.555
0.500
0.479
0.532
0.522
0.502
XCaO
0.076
0.113
0.149
0.176
0.143
0.204
0.233
0.197
0.213
0.230
0.036 0.514 0.247 - 0.196Di An16 0.069 0.496 0.238
0.
0.
0.
-j
equilibria successfully when low-Ca and high-Ca clinopyroxenes were
considered separately.
Grove and Lindsley used a simple model for the liquid
where the activity of a component was set equal to mole fraction of
the oxide. Their model for clinopyroxene was much more complicated.
Since high-Ca and low-Ca pyroxenes lie on opposite limbs of a solvus
and possess the same symmetry (C2/c), they attempted to relate cpx
equilibrium to liquid regardless of whether the pyroxene was an augite
or pigeonite. To accomplish this, they found it necessary to formulate
a ternary-symmetric solution model which adequately explained a variety
of experimental data.
In this study three separate liquid activity models wer' initially
tested. Model I assumed that activity was given by the mole fraction
of the following oxide components: Na20, MgO, Al203 si 02, and CaO.
Model II was the same as Model I except that the following components
were used: NaO0.5, MgO, A101.5, SiO 2 and CaO. The third model was
a Bottinga-Weill silicate polymerization model which recalculated the
liquid into the network-modifying components, MgO, A101.5 and CaO, and
the network-forming components NaA102 and SiO . Of the three, Model I
gave the most consistent results and was used for the equilibrium
calculations except for Sc and Sm where Model II was used. The choice
between Models I and II was somewhat arbitrary in that only slight
changes in the form of the equilibrium constant results from their use.
Since the clinopyroxenes crystallized here were all high-Ca and
diopside-rich, it was not considered necessary to utilize the more
general treatment of Grove and Lindsley. Instead, following the results
of Nielsen and Drake, an ideal solid solution model where activity
equals mole fraction of the component (calculated as diopside,
enstatite, jadeite and CaTs) was -used. The activities of all liquid
components for coexisting diopside-liquid pairs are given in Table 4.
Clinopyroxene/liquid equilibrium has been successfully modelled
as exchange equilibria between cpx and liquid for the jadeite, CaTs
and enstatite molecules, using the ideal activity-composition models
described above. The exchange reactions take the following form:
(1) CaMgSi206 cpx + 1/2Na20k + 1/2Al2 03 * NaAlSi206 cpx + CaO + MgO
(2) CaMgSi 206 cpx + Al203 -+ CaA1AlSi206 cpx + Mg09 + Sio2Z
(3) Ca Mg Si2 06 cpx + MgO <+ MgMgSi206 cpx + CaO
The respective equilibrium constants are:
[NaAlSi206 Icpx[CaO], [Mg0]
1 01/2 1/2
[ 26 cpx [Al203 k
[CaAlAlSiO6 Icpx [MgO][Si2I
2 [CaMgSi206] cpx[Al203 4
[MgMgSi206  [CaO 
3 [CaMgSi 206 cpx[MgO]
The brackets denote activities and the subscripts refer to either
the crystalline (cpx) or liquid (1) phase. At equilibrium,
(4a) A G = -RT ln K = A H - TA S ,rxn rxn rxn
PAGES (S) MISSING FROM ORIGINAL
Page 99 is missing from this thesis.
Table 5. Linear Regression Data, AS and AH for Major Element Equilibria,
InK = A +
rxn
2 -1 -l
r (J-*K -Mol ~)B10B(K )
AH
xrn
(KJ-Mol )
1) Jadeite-Diopside
2) Cats-Diopside
3) Enstatite-Diopside
Reaction
19.1
11.4
-0.06
-3.71
-2.34
-0.39
1590,99
0.99
0.79
308
195
-0.50 32.4
-rn %----- r n&A
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KINETIC STUDIES
As noted in the introduction, the chief advantage in experi-
mental geochemistry is that one can systematically study the effects
of intensive variables on the equilibrium state. Therefore, an
important prerequisite to any experimental investigation is to
demonstrate, as conclusively as possible, that the experimental runs
have reached equilibrium. This can be done by reversing the synthesis
experiments and by performing a series of timed synthesis experiments
to determine the rate at which equilibrium is attained.
Reversal experiments are a common technique for bracketing
equilibrium. During the synthesis experiments, the experimental
charge was brought to run temperature instantaneously relative to the
total run time. Since temperatures were 5-20*C below liquidus,
diopside nucleated quickly, probably within minutes (Kirkpatrick,
et. al., 1978). However, it is possible that some of the trace
elements might not have been able to diffuse fast enough to maintain
equilibrium at the crystal-liquid interface. Given this inherent
uncertainty, one obvious way to do a reversal would be to run an
experiment where the clinopyroxenes have drastically different trace
element contents relative to the liquid, then allow solid state
diffusion, the rate limiting step, to restore the equilibrium between
cpx and glass. This was attempted in the following manner.
Two separate, homogeneous glasses of Di 65Ab 24An were prepared.
800 ppm of each trace element were added to one, whereas 400 ppm of
each were added to the second. Next, separate charges of each
composition were run simultaneously. This was done to insure that
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each run equilibrated at identical temperatures for equal lengths of
time. These experiments were quenched after 8 days, then equal
weights of each run product (cpx + glass) were mixed and lightly
ground to a fine sand size. Next, this hybrid charge (50% 800 ppm
run and 50% 400 ppm run) was placed back in the furnace and allowed
to equilibrate for 31 days. In the reversal run, there existed two
distinct populations of cpx. One had equilibrated with "400 ppm"
liquid, whereas the other had equilibrated with "800 ppm" liquid.
Since homogenization time in the liquid was short relative to reversal
run time, the liquid quickly reached "600 ppm" in concentration. To
reach equilibrium, the two groups of cpx lost or gained trace elements
by diffusive transport until the equilibrium partition coefficients
were attained. .
After 31 days, the reversal was quenched and analyzed with the
ion probe. The partition coefficients (cpx/liquid) for Sc, Ti, Sr
and Sm for the 800 ppm, 400 ppm and 31-day runs are listed in Table 6.
The first observation is that for a given element, D does not change
with trace element concentration between the 800 and 400 ppm runs.
Secondly, by comparing core and rim analyses of individual crystals
in the 31-day reversal, it is clear that solid-state diffusion has
not completely restored equilibrium. Each diopside core in the
reversal run indicates its original identity. Table 6 shows the
results of core and rim analyses from a low trace element and high
trace element crystal. In each case, the partition coefficient
calculated from the average of the rim analyses is within analytical
uncertainty of the D obtained from the synthesis runs. Therefore,
even though the cores of the crystals from the 31-day reversal did
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Table 6. Comparison of Partition Coefficients
From DiA6524n Synthesis and Reversal Experiments.
800 400 31 Day Reversal Avg.
PPM PPM Core Rim Rim
D 0.912 0.887 1.09 0.943 0.829
0.603 0.715
D Ti 0.116 0.120 0.165 0.129 0.116
0.112 0.103
D r 0.095 0.097 0.123 0.106 0.095
0.070 0.084
D 0.136 0.130 0.189 0.146 0.140
0.128 0.133
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not fully equilibrate, the rim analyses clearly indicate the direction
of equilibrium and this serves as a bracket on the partition coeffi-
cients measured in the 8-day runs.
Although the reversal experiment demonstrated that the 8-day
synthesis runs had reached equilibrium, it did not indicate how long it
took the forward runs to reach equilibrium. To determine the rate at
which experiments approached equilibrium, a series of experiments of
Di 60Ab 20An20 doped with Sr were run at 1275*C for times ranging from
0.25 to 8 days. It was observed that the 0.25-day runs had numerous
small (<10 pm) crystals, whereas the longer runs (4 and 8 days) had
fewer but generally larger (10-15 pm) ones. Analysis by electron
probe indicated no change in the composition of the liquid (see Table 1)
so this could not have been due to additional crystallization. There-
fore, equilibrium is characterized by a dynamic process of dissolution-
reprecipitation with the result that a textural evolution occurs whereby
smaller crystals shrink and perhaps disappear as the remaining nuclei
grow larger. This dynamic process could conceivably be capable of
redistributing trace elements incorporated under disequilibrium
conditions and might have been the mass transfer mechanism by which
the 31-day reversal approached equilibrium. A similar effect was
observed by Lindstrom (1976).
DSr was measured in this series of experiments. However, due to
small crystals in the short runs, the shortest run time for which it
was possible to measure DSr was the 4-day run, which yielded a DSr
of 0.084, indistinguishable from the value of DSr measured in the 8-day
run (0.089). Based on major element equilibria and DSr, it appears
that the Di60Ab20An20 experiments reached equilibrium in less than
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4 days. However, since longer run times resulted in larger crystals,
experiments were run at least 6 days in order to facilitate ion probe
analysis.
In summary, it is believed that the 31-day reversal adequately
bracketed the results from the synthesis runs of Di 65Ab 24An 1. More-
over, the Di 60Ab 20An20 rate studies strongly imply that the clino-
pyroxenes grow quickly (within a few hours) but maintain trace element
equilibrium with respect to the coexisting liquid as they crystallize.
Therefore, it is strongly believed that the partition coefficients
reported here represent equilibrium partitioning between clinopyroxene
and liquid.
HENRY'S LAW
Perhaps the most basic, unresolved aspect of trace element
partitioning continues to be whether the trace element concentrations
which are necessary for analytical measurement are sufficiently dilute
to obey Henry's Law. To date, there has been wide disagreement
between those investigators who have employed percent level doping
(Lindstrom, 1976; Drake and Holloway, 1978; Hart and Davis, 1978, and
others) versus the practitioners of ppm-level beta track mapping
(Mysen, 1978a; Harrison, 1978; Harrison and Wood, 1980; see summary
in Irving, 1978). In general, study of Henry's Law over the 0.1-5%
range by percent level doping has not uncovered any deviation from
simple Hanry's Law behavior, whereas Mysen (1978a), for example,
claims to have evidence for complex trace element behavior at ppm
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levels, though his data for Ni partitioning between olivine and
liquid have recently been questioned by Drake and Holloway (in
press). Since the ion probe has the ability to analyze in the 1-100
ppm range, its application to trace element partitioning should help
elucidate this fundamental problem.
Henry's Law simply states that the activity of component i in
phase j is proportional to the mole fraction of the component, X.,
as X approaches zero (ai = k.XEb. The problem is to determine thei i i I
concentration range of X. where the above relationship holds.
This problem was investigated in the following manner. Four
experiments of Di65 Ab24 11 doped with 200 ppm, 400 ppm, 800 ppm and
5000 ppm of each trace element were prepared. The 400 ppm 'and 800 ppm
experiments were previously described in the section on kinetic studies.
These charges were equilibrated at 130000 for 8 days. The concentra-
tions of Sc, Ti, and Sr in coexisting liquid and clinopyroxene along
with the partition coefficients are tabulated in Table 7.
The variation of D Sr and D Ti with concentration of Sr and Ti in
cpx is plotted in Fig. 12. DSr and DTi are clearly independent of
concentration over the ranges of 23-517 ppm and 63-734 ppm, respectively.
It is concluded that Henry's Law is obeyed over the range studied.
The data for Sm and Sc are slightly less conclusive. Sm could
not be analyzed with adequate precision in the 200 ppm charge because
the isotope measured, Sm 152, constitutes only 26.7 atomic % of Sm.
Within analytical precision, there is no significant variation in DSm
between the 400 ppm and 5000 ppm runs, the average DSm being 0.127
8.5%(2a). The data for DSc cover Sc concentrations of 188-4077 ppm
in the cpx. There is some discrepancy between the 200 ppm and
0 0 40i
Table 7. Results of Di Ab24 n eny' s Law Experiments (Concentrations in PPM).
EXPERIMENT cCSc C 1CTi C 1Cr CcPx Ccx C cPxSc Ti Sr
5230 6210 5500 4080 734
818 1080
418 526
236 N.A.~
937
486
266
746 136
370
517 0.780 0.118 0.094 0.115
89 0.912 0.116 0.095 0.136
63 48 0.885 0.120 0.099 0.130
188 N.A. 23 0.797 - 0.087
AVG. 0.844 0.118 0.094 0.127
±2a ±7.7% ±1.7% ±5.3% ±8.5%
5000
PPM
800
PPM
400
PPM
200
PPM
D Ti D Sr
25 50 100 250 500
ppm in CPX
Figure 12. Deri and DSr as a function of concentration (ppm) in cpx.
Both are constant over the range studied.
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5000 ppm runs compared with the 400 and 800 ppm runs. However, this
variation is only slightly greater than analytical uncertainty.
Although no simple explanation is apparent, the problem does not appear
to be especially serious since the average DSc is 0.884± 7.7%( 2a).
In summary, these data indicate that Henry's Law appears to be
obeyed over ranges which are within, or very close to, concentrations
in natural clinopyroxenes. Furthermore, since the 5000 ppm experiment
is close to ranges studied by percent level doping, it suggests that
percent level doping may be valid for some trace elements. There
remains the possibility that defect substitution could be an important
factor at very low ppm concentrations (Buseck, 1978; Harrison, 1980;
Harrison and Wood, 1980), and this has been suggested as an explanation
for the discrepancies between percent level doping and beta-track
mapping (Irving, 1978). In natural systems, it is likely that such
defect sites would be quickly saturated and that equilibrium, i.e.,
Henry's Law, partitioning would dominate. The data reported here are
consistent with this idea.
GENERAL PARTITIONING TRENDS
Concentrations in the liquid and cpx phases along with partition
coefficients (cpx/liquid) for Sc, Ti, Sr, and Sm are listed in Table 8
and plotted against the Si0 2 Wt.% in the liquid in Figs. 13-16.
Scandium concentrations have been calculated by using the calibra-
tion factors given in Table 2. The glass calibration is based on
gravimetric concentrations which have not yet been documented by any
Table 8. Trace Element Partitioning Data for Equilibrium Experiments (concentrations in PPM),
EXPERIMENT c iC C CC DSc DTi DSr DSm
Di4 8Ab 5 2  456 1180 1190 1190 210 161 2.61 0.178 0.136 0.328
Di48 Ab40 An12 571 1220 1260 1170 213 112 2.04 0.175 0.089 0.275
Di 52Ab 26An22 672 1170 1120 1050 250 88 1.57 0.214 0.079 0.205
Di56 Ab15 An29 652 1270 1120 931 246 91 1.43 0.195 0.082 0.174
Di 64Ab36 710 1020 914 839. 108 103 1.18 0.106 0.113 0.184
Di 65Ab24 An11 818 1080 937 746 136 89 0.912 0.116 0.095 0.136
Di68 Ab11 An21 850 1040 1050 693 152 89 0.815 0.147 0.085 0.130
Di70 An30 925 1060 1140 697 159 88 0.754 0.150 0.077 0.100
Di 4Abl6 992 1250 1200 581 105 109 0.586 0.084 0.091 0.100
Di 4Ab 0An6 1180 1350 1160 573 127 98 0.485 0.094 0.084 0.068
Di4 Ab 5An 1130 1440 1260 502 145 94 0.446 0.101 0.075 0.056
Di 4An16 1050 1320 1280 361 126 99 0.345 0.096 0.077 0.054
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analytical technique. Nonetheless, the calibration of Sc sputtered
from glass is probably accurate to within ±5%. Thus far, only three
natural clinopyroxenes have been obtained from the calibration of Sc
from cpx. These clinopyroxenes span a narrow concentration range
(19 to 56 ppm) and are not necessarily homogeneous. As a result, the
Sc working curve for cpx is poorly constrained (± 12%) and should be
considered preliminary until additional natural standards are measured.
The most obvious feature of Sc partitioning is the large range
in the value of D from a low of 0.345 to a high of 2.61, a factor of
7.6. Lindstrom (1976) measured DSc between diopside and liquid in the
same major element system to which he added large amounts (1-8 Wt.%)
of Sc203 and analyzed Sc with an electron probe. At temperatures
between 1250*C and 1345*C, his values range from 0.84 to 2.85, in
general agreement with present results. At a given temperature, DSc
decreases markedly with decreasing Ab/An ratio in the liquid, and can
be linearly correlated with the SiO2 Wt.% content of the liquid. In
fact, the partition coefficient for each trace element studied cor-
relates with SiO2 content, an observation which implies a fundamental
compositional effect in need of explanation. Only general, descriptive
explanations will be offered here as more detailed reasons will be
given in a later section. One should keep in mind that as the Ab/An
ratio is varied, numerous other components vary concurrently with
silica, thus correlations on D versus SiO2 diagrams do not necessarily
imply that SiO2 variation is the reason for variation in D. In any
case, not only does D increase with silica, but it appears to
drastically decrease with increasing temperature.
El
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Figure 13. DSc vs SiO 2 . DSc increases with higher SiO 2 and decreases with
higher temperature. Large arrow denotes reversed composition.
Dsc
Dsm
01 5 6 65
50 55 60 65
Figure 14. DSm vs SiO2 . Note similar
DSm and IDSc.
SiO 2 in liquid wt.%
dependence on SiO 2 and temperature of
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Sm has not been calibrated for either cpx or glass. The
Di-Ab-An glass standards were doped with several rare earth elements,
including Sm, but they have not been documented to date. Regarding
crystalline standards, it is very difficult to obtain natural
specimens with a wide range of Sm concentrations. Probably, syn-
thetic clinopyroxenes doped with higher concentrations of Sm will be
necessary for Sm calibration. As a result of the lack of adequate
standardization, it was necessary to calculate DSm based on the
average ratio of calibration factors (cpx/glass) for the elements
which have been calibrated for both phases. The average glass/cpx
calibration factor is 0.728 and is probably known to within ±15-20%.
Furthermore, since neither Sm calibration factor is known, it was
not possible to .calculate Sm concentrations for either phase. None-
theless, since approximately the same amount of each trace element
(800 ppm) was added to all experiments, the Sm concentrations can be
estimated. Sm concentrations in cpx probably vary from a low of
about 75 ppm to a high of roughly 350 ppm. This range is within an
order of magnitude of Sm concentrations which have been reported in
natural clinopyroxenes (Schnetzler and Philpotts, 1970).
DSm, although an order of magnitude lower, shows similar
behavior compared to D Sc and implies similar mechanisms may be
controlling their partitioning. DSm varies from 0.054 at 1345*C to
0.328 at 1250*C. Several investigators have measured Dcpx/l under aSm unea
variety of experimental conditions (Grutzeck, et. al., 1974; Tanaka
and Nishizawa, 1975; Mysen and Seitz, 1975; Mysen, 1978), most of
which do not correspond to the conditions studied here. Moreover,
115
no one has systematically studied D with temperature and
composition. Irving (1978) has summarized most of the experimental
partitioning work as of 1978. The lowest D Sm reported so far is
0.08 measured by Mysen and Seitz (1975) at 1340*C and 20 Kb in the
Di-Ab-An system. The highest value measured is 0.70 taken at 950*C
and 20 Kb, by Mysen (1978c) in the anorthite-albite-forsterite-
silica + H20 system. The values obtained here lie at the lower end
of the range of published values and the 1345*C data are the lowest
measured thus far.
Both D Sc and D m exhibit the same dependence on temperature and
composition. Both trace elements are trivalent, but Sm is much larger
00(1.04 A vs. 0.83 A, Whittaker and Muntus, 1980) and would be expected
to reside in the large, distorted M2 octahedral site (ionic radius of Ca2+
is 1.08 A). In each case, their substitution into the clinopyroxene
structure must be accompanied by charge balancing among .the major
elements, namely Na and Al. It was observed earlier that as one
traversed isotherms from the Di-Ab to the Di-An join, the jadeite
component decreased as the CaTs component increased. Presumably, the
partitioning behavior of Sc and Sm is dependent on the relative
amounts of these charge balancing components. This will be investi-
gated further in the section on trace element modelling.
D varies over a much more restricted range than either DSc or
D Sm. The values obtained here range by a factor of 2.5 from a low
of 0.084 at 13450C to 0.214 at 12500C. Ti contents in the cpx are
as low as 108 ppm and are well within natural abundance levels.
Lindstrom (1976) also measured D in the Di-Ab-An system and he
obtained values of 0.12-0.45 over the temperature range of
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1250* - 1350*C. These numbers are in general agreement with the
values for D Ti measured here, although Lindstrom's data appear to
be higher in general. DTi decreases with increasing silica in the
liquid, the opposite trend exhibited by DSc and DSm, but it is
similar in that it decreases with increasing temperature. Clearly,
a different compositional effect is responsible for DTi variation
as opposed to Sc and Sm.
DSr presents another type of behavior. The values obtained
here vary from 0.085 to 0.136, a factor of 1.8. Thus DSr shows the
least variation of the four trace elements studied. Sr concentrations
in the cpx (88-160 ppm) are well within natural concentrations. Very
few experimental data have been measured at the temperatures used in
this study. Grutzeck et. al. (1974) obtained a value for DSr of
0.078 at 1265 0C in the Di-Ab-An system, and Green et. al. (1974)
measured DSr of 0.09 at 12800C in the diopside-wollastonite system.
Shimizu (1974) measured DSr in the Di-Ab-An + H 20 system at high
pressures and obtained values from 0.055 to 0.08 from 1100* - 1200*C
and 15-30 Kb. Sun et. al. (1974), working with a natural ocean
ridge basalt, found an exceptionally strong temperature dependence
for DSr which ranged from 0.167 to 0.278, but these experiments were
run below 12000C, much lower than the temperatures here.
No one has systematically studied compositional and thermal
effects on DSr. On the plot of DSr vs. Sio2 (Fig. 16), DSr
correlates positively with the silica content of the liquid. This is
enigmatic because one would expect Sr to exchange for Ca in the
clinopyroxene, yet Ca is decreasing toward the Di-Ab join (the
direction of increasing silica.) Thus, the compositional control on
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Figure 15. DTi vs SiO 2. DTi increases with higher SiO 2 but decreases with
higher teMperature.
.3
12500
13000
£ 13450
I -I I I
SiO 2 in liquid wt.%
Figure 16. DSr vs SiO 2. Note the apparent lack of temperature dependence.
.2 E-
DTi
.2 I-
DSr
.1
0
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x 1300*
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DSr is not at all clear from this plot. Adding to the enigma is
the apparent insensitivity to temperature, as the three isotherms
cannot be resolved. One should keep in mind, however, that on such
a simple plot between D and SiO2 other compositional variables which
are changing simultaneously may either exaggerate or suppress the
real temperature dependence. The next section will attempt to
explain the behavior of the partition coefficients which have been
measured in the Di-Ab-An system by consideration of exchange equi-
libria between cpx and liquid. It will be shown that this approach
is capable of separating compositional and thermal effects.
TRACE ELEMENT EQUILIBRIA
Although much has been written about the application of simple
weight ratio partition coefficients as indicators of fractionation, it
must be remembered that D is not an independent thermodynamic variable
but is dependent on temperature, pressure and bulk composition
(McIntyre, 1963; Banno and Matsui, 1973; Wood and Frazer, 1977).
Therefore, trace element partitioning must be considered within the
broader framework of equilibrium reactions which can be thermodynam-
ically modelled, at least in principle. Only after trace element
reactions are carefully calibrated experimentally, will it be possible
to apply the reactions as thermometers, barometers and indicators of
compositional fractionation.
Two reactions are commonly considered in partitioning: the
formation and exchange reactions.
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Formation: Tr + A +4 TrA
Exchange: CrA + Tr -4+ TrAs + Cr
In the above reactions, Tr is the trace element, Cr the carrier
element which is presumably replaced by the trace element, and A is
the silicate anion. The equilibrium constants are,
KF = [TrA]s/[Tr][A]Z
KE = [TrA]s[Cr]/[CrAs[Tr]
where the brackets refer to activities of the components.
In this study, all trace element equilibria were formulated as
exchange reactions because they are generally less dependen-t on com-
position. This approach was successful except for Sr, where the
exchange equilibria resulted in an inadequate reaction model.
Therefore, Sr partitioning was modeled as a formation reaction.
In the section on major element equilibria, a simple derivation
was given which related the equilibrium constant, K, of a given
reaction to a linear dependence on repicrocal temperature. For each
trace element, several exchange reactions were formulated and the
respective equilibrium constants were calculated for each experiment
using the major element composition-activity models discussed earlier.
Then the average ln K for each temperature was plotted versus l/T.
The reaction which gave the least scatter in ln K along an isotherm,
and the best fit to a straight line was chosen as the preferred
reaction model.
Of the trace elements studied, it was anticipated that Sr would
exhibit the simplest behavior. Since Sr is divalent and similar in
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radius to Ca (1.21 A and 1.08 A, respectively), one would expect it
to exchange for Ca on the large M2 octahedral site. Recalling Fig. 16,
D Sr increases isothermally as the liquid increases in Ab/An, and this
relationship is essentially independent of temperature. However,
since the diopside and anorthite end-members contain calcium, the
failure of DSr to increase toward the Di apex (i.e., with increasing
temperature) or toward the Di-An binary, effectively argues against
such a simple Ca-Sr exchange. Therefore, the exchange reaction:
(6) SrY + CaMgSi 20 6 cpx ++ SrMgSi 206 cpx + CaO
does not successfully explain the observed variation in D Sr. Con-
sideration of the added Ca available from the CaTs component did not
solve the problem.
The second model assumed that Sr exchange might operate in tandem
with Mg entering the M2 site, giving the reaction:
(7) MgMgSi206 cpx + Sr0 -<+ SrMgSi206 cpx + MgO 1)
This, too, failed to explain the data.
Finally, it was concluded that the controlling factor in Sr
partitioning might be liquid composition rather than clinopyroxene
composition, thus the following formation reaction was considered:
(8) SrO + MgO + 2SiO Z +* SrMgSi206 cpx
The equilibrium constant is:
[SrMgSi 206 cpx
8 2
[Sr0] [Mg0] [Si02 2
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K8 has been calculated for the 12 equilibrium experiments
using liquid activity Model I and ln K8 is plotted versus l/T in
Fig. 17. It is apparent that DSr can be satisfactorily modelled
by reaction (8). There is some scatter of the 125000 data, but
ln K is well defined at 1300*C and 1345 0C. The A Srxn and A Hrxn
are given in Table 9, along with the equation for the regressed
line. The most interesting feature of the arrhenius plot for Sr
is that temperature-insensitive DSr behavior is changed into a
fairly strong temperature-sensitive reaction. This is another
example of how misleading a simple variation diagram can be for
evaluating temperature dependence of D.
It is widely accepted among petrologists that Ti generally
enters the Ml octahedral site of clinopyroxene (Yagi and Onuma, 1967;
Prewitt, 1980) presumably as the CaTiAl206 component. This molecule
explains the increase in alkaline rocks, and the Ti/Al ratio of 1/2
which has been observed in terrestrial and lunar pyroxenes. How-
ever, Lindstrom (1976) postulated that Ti enters the tetrahedral
site based on the similarity in valence and ionic radius with Si4+
and on the observed change in major element composition of his
experimentally produced clinopyroxenes with increasing Ti contents.
He proposed that approximately half of the Ti entered the pyroxene
as a CaMgTiSiO6 component while the remainder formed either CaTiAl2 06
or NaTiAlSiO6 molecules. Unfortunately, he did not distinguish
between changes in pyroxene composition induced by Ti substitution
versus the inherent, solid solution equilibrium of clinopyroxene in
the Di-Ab-An system (Table 3). As was discussed earlier, the clino-
pyroxenes in this system are predominantly diopside but contain
0 0 4
Table 9. Linear Regression Data, AS
InK = A + B(
and AH for Major Element Equilibria.
xn- AS
4 2rxn
OK) r (J-*K 1-Mol ) (KJ
Sr Formation
Ti Exchange
NaSc-CaMg
CaSc-CaMg
Combined Sc rxn
Na 0.5Sm 0.5-Ca
Sm0.5 A0.5-Ca 0.5 0.5
Combined Sm rxn
Reaction
8)
11)
14)
15)
16)
17)
18)
19)
AH
rxn
-Mol 1)
-6.66
14.1
18.2
3.13
14.8
-0.20
-11.5
11.4
1.13
-2.55
-3.04
-0.61
-2.40
-0.34
1.44
-1.80
0.99
0.99
0.99
0.98
0.97
0.99
-55.3
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Figure 1'7. lnK vs 1/T for Ti exchange and Sr formation reactions.
Error bars are 2a.
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significant amounts of jadeite, calcium Tschermak's and enstatite
which are independent of trace element contents. Lindstrom observed
that the addition of titanium significantly lowered the liquidus, thus
affecting the major element equilibria of the system. In effect, he
was working in the quaternary system TiO 2-Di-Ab-An. This distortion
of phase equilibrium in simple binary and ternary systems by the
addition of large quantities of trace elements (> 1%) is one of the
most serious shortcomings of the percent level doping experimental
technique.
As far as the variation of DTi with respect to silica is concerned
(Fig. 15), the decrease in TiO 2 with increasing SiO2 is consistent with
either CaMgTiSiO6 or CaTiAl206 components because the calcium
Tschermak's component (which results in the required tetrahedral
aluminum) increases with decreasing silica. Therefore, this plot is
not useful for distinguishing the mechanism of Ti substitution.
The following reactions were considered:
(9) TiO2 2 + 1/2Na20 + 1/2A1203 k + CaMgSi 206 cpx
NaTiAlSiO6 cpx + MgO + Sio2Z + CaO
(10) Ti 0 2 + CaMgSi 206 cpx * MgTiSiO6 cpx + SiO2Z
(11) TiO2Z + A203Z + CaMgSi206 cpx *+ CaTiAl206 cpx + Mg0 + 2SiO2Z
The corresponding equilibrium constants are:
[NaTiAlSiO]6cpx[Mg0] [SiO2 [CaO]
[TiO 2 I[Na20] 12 [Al0 11 2 [CaMgSi 206]cpx
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[CaMgTiSiO 6Icpx [SiO 2 Iy,
K =10 [TiO 2I [CaMgSi2 0 61cpx
26cp2
[CaTiAl 20 6cp[Mg0] [SiO 2I2
K =11 [TiO21z[Al203 4 [CaMgSi206 Icpx
Not surprisingly, reaction (9), which represents the NaTiAlSiO6
substitution, is found to be totally inadequate for explaining Ti
partitioning. This complex reaction results in a complete restructuring
of diopside which does not correlate simply with solid solution of
clinopyroxene (see Table 3). Reaction (10), suggested by Lindstrom,
gives a poorly defined straight line on a plot of ln K vs. 1/T.
Ln K11 is plotted vs. l/T in Fig. 17. Clearly, a straight line fits
the data for all three temperatures. This correlation suggests that
the bulk of Ti entering the clinopyroxene occupies the Ml site and is
charge balanced by tetrahedral Al. This indicates that Ti is entering
pyroxene not because of the decreasing SiO 2 per se, but rather due to
the increase in CaTs component which "donates" the tetrahedral Al
needed for charge balancing. Of course, it is possible that some
titanium does enter the tetrahedral site, but the CaTiAl206 molecule
appears to predominate.
It is possible that Lindstrom's Ti data should be modelled with
additional mechanisms because he doped his experiments with large
amounts (1-4%) of TiO2. However, the Henry's Law data reported here
indicate that the CaTiAl206 reaction is valid up to 734 ppm (Table 7),
and the data of Yagi and Onuma indicate that up to 11 Wt.% of CaTiAl 206
can be dissolved in cpx. In any case, the agreement between this
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experimental approach at determining Ti substitution mechanisms
agrees quite well with natural pyroxene data and provides encourage-
ment about the general usefulness of this technique.
Of the trace elements studied, it was expected that Sc and Sm
would exhibit the most complex behavior since both are trivalent
thereby requiring charge balancing by major elements, namely Na and
Al. Based on size, one would expect Sc to primarily enter the Ml
site, whereas Sm would enter the larger M2 site. As noted earlier,
D SC and DSm vary over a far greater range than either DTi or DSr
and both exhibit extremely similar dependence on silica, although the
absolute magnitude of DSc and DSm is quite different. A first guess
would be that both elements can be explained by a similar substitutional
mechanism(s). .
Lindstrom (1976) also studied the partitioning behavior of Sc.
By measuring the change in pyroxene composition with increasing
amounts of Sc (the same technique he used for his Ti data), he obtained
evidence that two substitutions were occurring simultaneously: NaScSi206
substituting for the jadeite molecule (NaAlSi206) and CaScAlSiO6
replacing the CaTs component (CaAlAlSiO6). The exchange reactions
take the following form:
(12) ScO1.5k+ NaAlSi 206cpx + NaScSi206cpx + A101.5Z
(13) ScO + CaA1AlSiO6cpx + CaScAlSiO6cpx + A101.5Z
Since the mole fractions of jadeite and CaTs are small (< 0.04), their
calculation from electron probe data involves a larger error, particu-
larly for the 1345*C runs in which these components are lowest.
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Therefore, it was considered more desirable to write the reactions
as exchanges with diopside component. The pertinent reactions are:
(14) Sc1. 5 Y+ CaMgS20 6 epx + Na 0.5t 4+ NaScSi206 cpx + CaO + Mgk
(15) Sco1.5 t + A101.5 z + CaMgSi206 epx * CaScAlSiO6epx + Sio 2z
The equilibrium constants are:
[NaScSi206]cpx[CaO] z [MgO] i
K =14 [ScO 1.5 [CaMgSi2 0 ]cpx [Na00.5I]
[CaScAlSi06]cpx[Mg0] z [SiO 21t
K 5 [Sc0 1.54 [A10 1.5 It[CaMgSi 2 0 6cpx
First, each Sc reaction was tested for a linear relationship
between ln K vs. l/T. However, at each temperature, ln K was not
constant but varied across the isotherm. This was taken as an indica-
tion that both reactions might be operating simultaneously. Reactions
(14) and (15) can be combined to explain the equilibrium between the
two types of Sc molecules. The compound reaction is:
(16) SiO 2 + NaO0.5 k + CaScAlSiO6 cpx *+ NaScSi206 cpx + A101.5 + CaO
giving,
[NaScSi206Icpx[AlO 1 .51Y [Ca]
.  K14
K == -
16 [CaScAlSiO 6Icpx[NaO0.5It[Sio2 i K15
The problem now is to determine the relative mole fractions of
NaScSi206 and CaScAlSiO6 in the experimental clinopyroxenes. Recalling
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that in the Di-Ab binary runs, there is no detectable CaTs component
in the cpx and, in the Di-An runs, there is no jadeite component in the
cpx (Table 3), it can be assumed that all Sc enters as the NaSc couple
for the Di-Ab runs, whereas Sc enters as the CaSc couple in the Di-An
runs. Given these two assumptions, Sc partitioning along the Di-Ab
binary is given by reaction (14), while reaction (15) explains the Di-An
binary. Ln K14 , and ln K15, are plotted versus l/T in Fig. 18.
Unfortunately, the 1250 0C isotherm intersects the cotectic before
reaching the Di-An binary (Fig. 1). Thus, the ln K15 versus l/T line
is a two point line (1300*C and 1345*C Di-An runs) extrapolated to
1250*C. The most anorthite-rich 12500C experiment (Di56Ab15An29)
constrains the slope of the line. It is apparent that reactions (14)
and (15) are successfully modelled by the binary experiments. Thus,
the assumptions stated above appear to be justified.
However, since the equilibrium constant of reaction (16) is simply
the ratio of the equilibrium constants of reactions (14) and (15), one
can use the values for K and K15 as calculated from the binary experi-
ments to obtain K 16 Ln K16 as obtained from the binary experiments
is plotted in Fig. 18. It is clear that the ln K versus l/T plot
controls the slope of the ln K16 versus l/T line which is to be expected
(from Fig. 13, at a given temperature DSc is highest on the Di-Ab binary).
Therefore, it is concluded that equilibrium along the binary joins can
be used to solve for the equilibrium of Sc partitioning within the
ternary system.
The success of this approach for Sc suggested that Sm might be
successfully explained by analogous reactions. It is assumed that all
Sm enters the large M2 octahedral site. Since Sm concentrations in
NOMMONKMaNIMMOMMOft-
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the -liquid and cpx cannot be calculated because of the lack of
calibration standards, it is necessary to write the reactions with
a 1:1 correspondence of Sm between cpx and liquid so that DSm can be
inserted into the equilibrium constant. Therefore, the following
reactions were modelled:
Q*5aO CaI4gSi 0~~(17) Sm0. 5 00. 75 2  0.5 + Cacpx
(Na 0.5 Sm0. 5)MgSi206 epx + CaO
(18) Sm0. 50 0.75 z + 1/2A101. 5 Y, + CaMgSi 206 epx
(Ca0.5Sm0.5)MgS 1.5Al0 .506 cpx
(19) (Ca0.5Sm0.5)MgS 1.5A10 .506 cpx
(Na0 .5Sm0 .5 )MgSi206 cpx + 1/2(
+ l/2CaO + l/2Si0 2 Z
+ 1/2Na00.5 + l/2Si02 *
ao + 1/ 2 A101.5 z
The respective equilibrium constants are:
[(Na0.5Sm0.5 )MgSi 20 61 [CaO]
K17
K 
=8
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The same assumptions about Sm partitioning along the Di-Ab and
Di-An joins which were made for Sc, should enable one to calculate
K9 based on the determination of K and K18 from the binary
experiments. The results of those calculations are plotted in Fig. 19
(linear regression data are in Table 9). The ln K versus l/T rela-
tionships are well defined, and the line for ln K is consistent with
increased DSM at the Di-Ab binary.
The overall consistency of the results from the Sc and Sm modelling
strongly suggest that the jadeite and CaTs type substitutions are
predominantly responsible for the charge balancing of these trivalent
elements. Indeed, the only other plausible mechanism would be vacancy
formation (Harrison and Wood, 1980). Given the success of this two-
reaction approach, vacancy formation reactions were not considered.
It should be remembered that the reactions written are not unique nor
do the linear relationships between ln K and l/T prove that the reaction,
as written, is actually occurring. In fact, for Sc and Sm, it was found
that liquid activity Model II (components as NaO0.5, A101.5, MgO, CaO,
Si0 2 ) resulted in better arrhenius plots than Model I, which was used
for Sr, Ti and major element equilibria. Since the change of
components between Models I and II is quite minor, the difference may
not have any thermodynamic significance. Most likely, the relative
strength of Model II for the Sc and Sm reactions is because the equi-
librium constants result in simpler expressions, especially with respect
to the activities of the Na and Al components.
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SIGNIFICANCE OF TRACE ELEMENT MODELLING
The reaction models are very successful in explaining trace
element equilibrium in the diopside-albite-anorthite system. For
each element, the linear regression coefficients are typically
better than 0.98, while the 20 errors of ln K for the Ti and Sr
reactions are ±6% and ± 8%, respectively. The points plotted on
the Sc and Sm equilibrium curves are single binary experiments,
therefore, no error bars are assigned. Judging from overall fit,
though, these equilibrium lines appear to be well-defined. The
Ti and Sr reactions are potentially useful as geothermometers.
Given the 20 errors, they are accurate to within ±10*C.
Since the Sc and Sm equilibria are the result of two simultan-
eous exchanges, quantification of those reactions as thermometers
becomes much more difficult due to the complex compositional effects,
even though both of the combined reactions are extremely temperature-
dependent. Thus, one would need excellent compositional control in
order to remove its effect on partitioning. Moreover, Sc and Sm
equilibria are constrained by two experiments per isotherm, as
opposed to Sr and Ti which are constrained by four experiments per
isotherm.
Before these models can be meaningfully applied to natural
systems, more experiments need to be performed in simple iron-bearing
systems which crystallize a more enstatite-rich clinopyroxene, i.e.,
augite. As written, the Ti and Sr reactions require no Fe. However,
the presence of Fe would presumably complicate the ideal solution
activity models used here. Grove and Lindsley (1981) found that
for Fe-bearing liquids, a simple oxide model was sufficient. A
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more significant problem would arise in the behavior of the pyroxene
solid solution. It is possible that appreciable iron content in
clinopyroxene would necessitate the use of a ternary solution model
of the type developed by Grove and Lindsley who observed that the
activity of diopside in Fe-bearing clinopyroxene is dependent on
pyroxene composition and temperature. Hopefully, future experiments
will decipher the thermodynamic effect of iron, thus allowing more
direct extrapolation to natural systems.
CONCLUSION
The ion microprobe has been empirically calibrated with Di-Ab-An
glass and natural clinopyroxene standards for several trace elements.
Calibration curves for Ti, Sr and Sc sputtered from cpx and glass
have been utilized for the measurement of trace element concent-rations
(10 1-103 ppm) in these two phases. The ratio of Sm concentrations
between cpx and glass has been calculated by using the average ratio
of cpx and glass calibration factors, i.e., slopes of the working curves,
for the seven elements which have so far been calibrated in both phases
(Ray, in press).
Partition coefficients, D px/l, have been calculated for Sc, Ti,
1
Sr, and Sm in the Di-Ab-An system at 1250*C, 1300*C, and 1345*C. The
experiments were unbuffered, anhydrous and run at atmospheric pressure.
The following variation has been observed: DSc, 0.345 to 2.61; DSm'
0.054 to 0.328; DSr, 0.075 to 0.136; D T, 0.084 to 0.214.
Two types of kinetic studies were performed to demonstrate that
the synthesis experiments attained equilibrium. A 31-day reversal
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run of Di65Ab24An11 composition at 1300*C has bracketed within
analytical error the partition coefficients measured in an 8-day
synthesis run of the same composition. Also, charges of Di 60Ab 20An20
run at 1275*C from 0.25 to 8 days indicate that equilibrium was
reached within two to four days.
Henry's Law behavior has been demonstrated for each trace element
over the following concentration intervals (in cpx): D Ti 63 to 734
ppm; DSr, 23 to 517 ppm; DSc, 188 to 4087 ppm. The high concentration
region of Henry's Law determined here is close to the lower concen-
tration regions which have been investigated by percent level doping.
This implies that, in some cases, percent level doping may be a valid
technique for the study of trace element partitioning.
All partition coefficients can be linearly correlated with the
Sio2 Wt.% concentration in the liquid. At a given temperature, D c'
DSr' and DSm increase with increasing SiO 2 in the liquid, i.e., with
increasing Ab/An in the bulk composition. D exhibits the opposite
relationship. DSc, DSm, and DTi decrease with increasing temperature,
whereas D Sr shows no obvious temperature dependence. However, in no
case does the D versus SiO2 diagram uniquely constrain the mechanism
of trace element substitution into cpx. Given this uncertainty, major
and trace element equilibrium between cpx and liquid has been modelled
by the formulation of exchange or formation ractions, assuming ideal
composition-activity models for silicate liquid and cpx. For each
reaction, the equilibrium constant (K) has been calculated for all
experiments, and the average ln K for an isothermal set of experi-
ments plotted versus l/T. The reaction which yielded the best-fit
straight line with the least isothermal dispersion was selected as
the preferred model.
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Major element equilibrium can be modelled as exchange reactions
between diopside and the three minor solid-solution components of cpx,
jadeite, CaTs and enstatite. The CaTiA1206 molecule accounts for the
observed Ti behavior and Sr can be modelled as a formation reaction,
apparently reflecting the importance of liquid composition on DSr'
However, Sc and Sm behavior is more complex due to the necessity of
maintaining charge balance in the cpx. End-member reactions involving
Na and Al cations have been modelled by assuming that along the Di-Ab
and Di-An joins, the reactions cannot operate simultaneously, an argu-
ment based on crystal-chemical evidence. Thus, Sc and Sm partitioning
within the ternary system can be understood in terms of equilibrium
along the binary joins. Finally, the fact that the temperature-
dependence of the Sr and Ti reactions is determined to within ± 10*C
(2a), suggests their usefulness as geothermometers pending the results
of additional experiments in iron-bearing systems.
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